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ABSTRACTS 

Given  are  the  results  of  experimental  study  on  the  quasi  real  time  holographic  correction  for  the  lens  distortions  in  the 
passive  observational  telescope  in  the  visible  range  of  spectrum,  using  the  liquid  crystal  optically  addressed  spatial  light 
modulator. 

Keywords:  dynamic  hologram,  holographic  corrector,  liquid  crystal  spatial  light  modulator,  passive  imaging  telescope. 

1.  INTRODUCTION 

The  method  of  holographic  correction  for  distortions,  imposed  by  the  primary  mirror  (lens)  of  the  telescope,  was 
first  proposed  and  realized  in  the  experiment  in  1’2.  The  holographic  corrector  was  recorded  by  the  coherent  radiation,  and 
its  chromatism  (grating  disperse)  was  corrected  for  by  use  of  the  auxiliary  diffraction  grating,  providing  thus  the  possibility 

3-5 

of  imaging  in  the  comparatively  wide  spectral  range.  These  works,  as  well  as  much  later  investigations  in  USA  were 
realized  with  the  use  of  static  holographic  media,  providing  thus  correction  only  for  the  static  distortions. 

The  principle  of  the  holographic  correction  for  the  telescope  lens  distortions  is  illustrated  by  the  Fig.l.  Let  the 
telescope  is  comprised  by  the  distorted  lens  1  and  the  eye-piece  2.  This  system  is  imaging  the  remote  self-luminous  object 
4  in  the  registration  plane  3.  In  the  case  of  the  high  optical  quality  of  the  elements  2  and  3  the  system  resolution  is 
determined  by  the  properties  of  the  lens  1.  One  can  compensate  for  the  lens  distortions  by  the  holographic  corrector  5, 
mounted  in  the  plane  to  which  the  eye-piece  2  images  the  pupil  of  the  lens  1  ’  .  The  hologram  is  recorded  by  the  coherent 
radiation  as  the  interference  pattern  of  the  plain  reference  wave  and  the  object  wave,  emitted  by  the  point  source,  mounted 
in  the  plane  of  the  object  4. 

The  light  wave  from  this  point  source  which  has  passed  through  the  distorted  lens  bears  the  information  on  its 
distortions.  This  information  is  encoded  in  the  hologram.  On  the  stage  of  the  hologram  reconstruction  the  radiation, 
emitted  by  the  point  source  and  distorted  on  its  path  through  the  telescope  will  diffract  on  the  hologram  into  the  plain 
wave,  coinciding  with  the  reference  wave,  used  for  the  hologram  recording.  Any  luminous  object  can  be  treated  as  a  set  of 
the  point  sources.  Hence  the  radiation  from  the  object,  distorted  by  the  telescope,  will  diffract  to  the  set  of  plain  waves. 
These  waves  will  reconstruct  in  the  plane  3  the  non-distorted  image  of  the  object  notwithstanding  the  arbitrary  distortions 
of  the  telescope  lens  1 . 

The  non-monochrome  radiation  from  the  object  would  be  expanded  by  the  hologram  to  the  spectrum.  This 
chromatism  is  to  be  corrected  by  the  auxiliary  static  diffraction  grating  whose  spatial  frequency  is  equal  to  the  spatial 
carrier  of  the  holographic  corrector. 
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2.  THE  CHOICE  FOR  THE  CORRECTING  ELEMENT 


One  can  use  the  nonlinear  optical  phase  conjugation  for  the  dynamic  correction  for  the  primary  lens  (mirror) 
6  7  8 

distortions  .  In  particular,  in  ’  it  was  realized  with  the  use  of  the  stimulated  Brillouin  scattering.  In  this  case,  however, 
the  imaged  object  is  either  to  emit  the  coherent  radiation  or  to  be  illuminated  by  such  a  radiation. 

The  highest  efficiency  among  the  nonlinear-optical  media  for  holograms  recording,  providing  dynamic  correction 

9 

for  distortions  in  the  wide  spectral  range,  is  revealed  by  the  liquid  crystal  spatial  light  modulators  (LC  SLM)  and  by  the 
photorefractive  crystals10.  For  example,  in  u,  the  use  of  LC  SLM  made  it  possible  to  correct  for  distortions  in  the  spectral 
band  with  the  width  10  nm,  separated  from  the  hologram  recording  wavelength  in  90  nm.  In  the  experiment  similar 
schematics  was  realized  with  the  use  of  the  auxiliary  static  holographic  grating,  compensating  for  the  dynamic  hologram 
chromatism.  In  the  correction  for  the  distortions  of  the  optical  elements  was  realized  with  the  use  of  the  photorefractive 
crystals  BSO  and  NBS  with  the  hologram  record  at  the  wavelength  514  nm.  The  holograms  were  reconstructed  by  the  Ar- 
ion  laser  radiation  at  several  discrete  wavelength  in  the  range  of  476. .5 14  nm. 

Not  that  for  the  correction  for  distortions,  imposed  by  the  lens  into  the  image  of  the  distant  and  spatially- 
incoherent  radiation  it  is  sensible  to  use  the  thin  holograms.  The  use  of  the  volume  (thick)  holograms  will  result  in  extra 
limitations  due  to  their  angular  and  spectral  selectivity  ,  resulting  in  most  cases  in  the  impossibility  to  realize  the  most 
important  advantage  of  this  class  of  holograms  -  tire  high  diffraction  efficiency.  So,  to  our  opinion,  the  LC  SLM  medium  is 
more  prospective  from  the  point  of  view  of  dynamic  correction  than  the  photorefractive  media.  The  comparison  of  the 
combination  of  such  a  basic  parameters,  as  the  sensitivity,  response  time,  reversibility,  resolution  and  depth  of  phase 
modulation,  realized  in  these  two  media,  also  puts  the  LC  SLM  ahead. 

This  paper  is  devoted  to  the  experimental  results  on  thermal  object  imaging  in  the  wide  spectral  range  by  the 
model  telescope  with  the  dynamic  holographic  correction  for  its  primary  lens  and  auxiliary  correction  for  the  hologram 
chromatism.  The  dynamic  hologram  was  recorded  in  LC  SLM,  using  the  polymer  photoconductor13’14  or  the 
photoconductor  on  the  base  of  silicon  carbide18’21.  The  S-effect  was  used  for  the  holograms  record  in  SLM  with  the 

nematic  LC,  and  in  the  case  of  ferroelectric  LC  we  have  used  the  DHF-effect  ’  .  The  holograms  were  recorded  in  pulsed 
,  15,16 

mode 

Variation  of  the  voltage  pulse,  feeding  the  SLM,  duration  and  of  its  synchronization  with  respect  to  the  light  pulse 
provides  the  control  of  the  temporal  delay  from  the  hologram  recording  to  the  moment  of  its  highest  diffraction  efficiency. 
In  our  experiments  we  could  vary  this  delay  from  100  msec  to  several  dozen  seconds. 

The  diffraction  efficiency  of  the  realized  holographic  correctors  equaled  20-25%.  The  holograms,  recorded  in 
FLC  SLM,  revealed  veiy  weak  dependence  of  their  diffraction  efficiency  on  the  polarization  of  reconstructing  radiation.  So 
in  the  case  of  imaging  of  test-object,  illuminated  by  the  incoherent  (thermal)  radiation,  the  effective  efficiency  was  two 
times  higher. 


3.  EXPERIMENTAL  SETUP 

The  experimental  setup  is  shown  in  the  Fig.2.  The  thermal  source  at  the  infinity  was  simulated  by  the  standard 
test  object  1,  illuminated  by  the  light  of  the  tungsten  lamp.  The  imaged  test-object  was  mounted  in  the  focal  plane  of  the 
auxiliary  lens  2.  The  absolute  angular  dimension  of  the  object  was  equal  0.02  radian.  This  object  was  imaged  by  the  lens 
telescope,  comprised  by  the  primary  lens  3  to  be  corrected  and  the  eye-piece  4.  Two  identical  achromatic  lenses  with  the 
focal  length  of  230  mm  were  used  as  the  elements  3  and  4.  The  corrector  unit  comprised  the  LC  SLM  5,  the  transparent 
phase  (holographic)  diffraction  grating  6  for  the  dynamic  hologram  chromatism  compensation  and  the  scheme  for  the 
corrector  recording. 

The  hologram-corrector  was  recorded  by  the  pulsed  radiation  of  second  harmonics  (0.54  pm)  of  Nd:YAP  laser  7 
as  the  interference  pattern  of  the  plain  reference  wave  and  the  object  wave,  transmitted  via  the  telescope.  The  telescope  8 
(10x)  improved  the  spatial  homogeneity  of  the  recording  beams.  The  useful  clear  aperture  of  the  SLM  was  determined  by 
the  apertures  9  and  10  and  equaled  15  mm.  Beam  split  cube  1 1  (transparency  50  %)  separated  the  recording  beams  and,  in 
a  time,  combined  the  radiation  from  the  imaged  object  1  and  the  probe  beam  of  laser  radiation. 
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The  eye-piece  4  imaged  the  pupil  of  the  lens  3  in  the  plane  of  the  corrector  5.  The  spatial  carrier  frequency  of  the 
dynamic  hologram  was  equal  to  the  spatial  frequency  of  the  grating  6  and  was  equal  95  mm'1.  Such  a  value  was  chosen  as 
the  trade-off  value,  providing  both  spatial  separation  of  the  object  images  in  different  diffraction  orders  and  sufficiently 
high  diffraction  efficiency. 

The  radiation  from  the  thermal  source,  diffracted  from  the  grating  6,  was  caught  by  the  lens  12  and  focused  to  the 
CCD-matrix  13.  The  spectral  range,  used  for  the  object  imaging,  was  varied  by  the  colored  filters  14.  We  have  used  the 
filters  made  of  standard  colored  glasses  (the  spectral  characteristics  of  the  filters  transparency  are  shown  in  the  Fig.  3),  and 
the  band  interference  filter  with  the  width  of  the  transparency  band  10  nm  centered  at  0.53  pm..  The  zero  order  diffraction 
on  element  5  radiation  from  the  thermal  object  was  caught  by  the  plain  mirror  15  and  used  for  control  non-corrected  image 
of  the  object,  registered  by  the  system  16. 


4,  EXPERIMENTAL  RESULTS 

The  various  distorters  were  mounted  in  the  signal  beam.  Small-scale  distortions  of  the  lens  were  simulated  with 
the  use  of  glass  plates  etched  in  hydrofluoric  acid.  For  an  example,  in  the  Fig.4  the  interferogram  is  shown  of  the 
“strongest”  distorter  of  this  kind,  providing  beam  divergence  of  -  0.006  radian  (FWHM).  The  Fresnel  bi-prism  was  used 
for  simulation  of  the  local  wedge-like  distortions,  which  in  practice  can  be  caused,  for  example,  by  the  mutual  tilt  of  the 
primary  mirror  segments;  the  angular  misalignment  of  “images”  in  our  case  was  ~  0.01  radian.  We  have  used  the  tungsten 
wire  of  lamp,  the  sharp  edge  and  the  standard  test  object  as  the  objects  of  imaging.  The  latter  two  kinds  of  test-objects 
provided  the  application  of  standard  methods  of  the  quantitative  evaluation  of  the  correction  fidelity  and  its  dependence  on 
the  spectral  range  of  imaging  radiation. 

The  following  results  were  obtained  with  the  NLC  SLM. 

We  have  measured  the  frequency-contrast  characteristics  of  the  optical  system  under  correction  with  the  imitation  of 
the  small-scale  scattering  distorter  with  the  angular  divergence  of  ~  0.006  radian.  It  was  measured  for  the  green  range  of 
spectrum  (see  filter  transparency  -  curve  1  in  the  Fig.3),  for  the  red  range  of  spectrum  (curve  2  in  the  Fig.3)  and  for  the 
“white”  light  of  tungsten  lamp.  In  the  Fig.5  the  results  are  shown  of  this  characteristic  measuring  as  K  ={Iroax  -  Imm}/  {Imax 
+  Imm}-  One  can  see  from  the  Fig.5,  that  in  the  case  of  imaging  in  the  green  range  of  spectrum  (the  width  of  spectral  range 
~  50  run),  whose  maximum  approximately  coincides  with  the  wavelength  of  laser  radiation  used  for  the  hologram 
recording,  the  system  performance  is  close  to  the  diffraction  limited.  The  use  of  “white”  light  also  provides  rather  good 
quality  of  image.  Significant  deterioration  of  the  image  is  observed  only  while  imaging  in  red  spectral  band  whose 
maximum  is  shifted  in  ~  100  nm  with  respect  to  the  recording  wavelength.  In  the  Fig.6-10  are  shown  the  photographs  of 
the  standard  test  object,  which  confirm  the  above  said.  In  the  case  of  the  wedge-like  distortions  the  shift  of  imaging 
spectrum  to  the  red  range  or  use  of  “white”  light  the  image  was  “expanded”  in  the  “wedge”  direction. 

Additional  information  on  the  correction  fidelity  was  got  from  the  analysis  of  the  photographs  of  the  sharp  edge 
(Fig.  11, 12).  One  can  see  that  in  the  case  of  spectral  band  shift  with  respect  to  the  recording  wavelength,  and  of  the  strong 
distortions  of  the  probe  beam,  the  wings  in  the  edge  spread  function  (ESF)  are  observed.  These  wings  are  responsible  for 
the  decrease  of  the  complicated  image  contrast,  and  they  are  resulted  from  non-sufficient  correction  for  the  chromatism 
distortions.  One  can  also  see  from  these  photographs  that  the  point  spread  function  (PSF)  consists  of  two  components:  the 
narrow  core,  resulting  of  nearly  diffraction  limited  performance  of  the  OS,  and  of  the  wings,  caused  by  the  non-sufficient 
chromatic  correction  for  the  optical  distortions.  According  to  evaluations,  in  the  absence  of  the  distortions  in  the  probe 
beam  the  image  core  contains  ~  65  %  of  total  energy  for  reading  out  both  in  the  green  and  in  the  red  spectral  ranges 
(Fig.  1 1).  Distortions  of  the  probe  beam  by  the  etched  plate  with  the  distortions  rate  of  0.006  rad  result,  in  the  green  range, 
in  preservation  of  the  core  energy,  while  in  the  red  range  of  spectrum  it  is  reduced  down  to  ~  35%  (Fig.  12). 
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Fig.4.  The  part  of  interferogram  of  the  distorting  plate,  providing  beam  divergence  of  0.006  radian. 
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Fig.5.  Frequency-contrast  characteristics  of  the  optical  system  under  correction  in  the  absence  (curves  1,  2)  and  in  the 
presence  (curves  3,  4,  5)  of  small-scale  distortions.  Curve  1  -  the  ideal  lens,  curve  2  -  optical  system  used  in  our 
experiment,  3  -  correction  in  the  green  range  of  spectrum.  4  -  correction  in  the  “white”  and  5  -  light  correction  in  the  red 

range  of  spectrum. 


Fig.6.  Image  of  standard  test-object  without  correction  for  lens  distortions. 


Fig.7.  Image  of  test  object  in  green  light  with  correction  for  distortions. 
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Fig.8.  Central  zone  of  standard  test  object  image  in  green  light  with  the  correction  for  distortions. 


Fig.9.  Central  zone  of  standard  test  object  image  in  “white”  light  with  the  correction  for  distortions. 
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Fig.  10.  Central  zone  of  standard  test  object  image  in  red  light  with  the  correction  for  distortions. 


Fig.l  1.  Reconstructed  image  of  the  sharp  edge  without  distortions, 
read  out  in  green  (a)  and  red  (b)  spectral  bands  (see  Fig.3.). 
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Fig.  12.  Reconstructed  image  of  the  sharp  edge  with  distorter  0.006  rad, 
read  out  in  green  (a)  and  red  (b)  spectral  bands. 
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Fig.  13.  Peak  values  of  DE  vs.  radiation  energy  fluency  without  distorter  (1) 
and  with  the  distorter  0.006  radian  (2). 


It  was  found  out  that  the  influence  of  the  small-scale  distortions  onto  the  absolute  value  of  the  hologram- 
correctors  DE  reveals  itself  for  the  etched  glass  distorters  providing  random  divergence  of  more  than  0.004-0.005  radian. 
These  values  are  approximately  in  an  order  of  magnitude  smaller  than  the  angular  separation  of  neighboring  orders  of 
diffraction.  Corresponding  results,  obtained  by  reading  out  by  He-Ne  laser  radiation,  are  shown  in  the  Fig.  13. 

In  course  of  the  experiments  we  have  also  tried  the  image  correction  with  the  use  of  SLM,  based  on  the 
ferroelectric  LC.  Visual  correction  ability  was  not  worse  that  in  the  case  of  nematic  LC  application.  Image  brightness, 
however,  was  much  higher:  in  this  case  the  radiation  from  thermal  object  is  used  much  better,  for  the  FLC  SLM 
performance  is  almost  polarization  independent. 

5.  CONCLUSION 

In  the  reported  experiment  the  source  of  coherent  radiation,  used  for  the  corrector  record,  was  mounted  in  the 
plane  of  the  object  (or,  generally  speaking,  optically  conjugate  plane).  In  practice  of  imaging  of  the  remote  object  it  is 
impossible.  In  the  so  called  bypass  optical  schemes  the  source  of  the  radiation,  used  for  reading  out  of  the  primary  lens 
(mirror)  distortions  can  be  mounted  nearby  this  lens  or  mirror,  say,  in  the  latter  center  of  curvature.  In  this  case  the 

distortions  are  compensated  (corrected)  not  completely,  but  down  to  some  residual  error.  However,  depending  on  the 

7  8 

telescope  design  the  surplus  can  be  some  dozen  or  hundred  times  ’  . 

Hence  the  results  of  the  reported  experiment  promise  the  successful  use  of  the  optically  addressed  LC  SLM  as  the 
dynamic  holographic  media  for  the  record  of  the  holographic  correctors  to  be  used  in  the  passive  bypass  imaging 
telescopes. 
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ABSTRACTS 

Large  numerical  aperture  telescope  with  nonlinear  optical  correction  for  distortions,  designed  for  the  remote  self-luminous 
object  imaging,  was  realized  in  experiment  and  investigated.  Dynamic  hologram,  recorded  in  optically  addressed  liquid 
crystal  spatial  light  modulator,  was  used  as  the  corrector.  Nearly  diffraction  limited  performance  of  the  system  was 
demonstrated. 

Keywords:  telescope,  dynamic  correction,  dynamic  hologram 

INTRODUCTION 

Just  after  the  very  holography  invention  it  was  proposed’  2  to  apply  the  holographic  methods  for  the  non-distorted 
imaging  through  the  media  with  the  phase  distortions  (the  so  called  one  way  image  correction  technique).  Later  on  the 
base  of  these  first  ideas  there  was  elaborated  the  proposal  to  apply  the  holographic  correction  technique  to  the  distortions, 
imposed  the  primary  mirror  (PM)  of  the  telescope,  imaging  the  remote  objects3  4.  In  these  works  the  successful  holographic 
correction  was  realized  on  the  base  of  the  static  hologram  of  the  PM  distortions,  recorded  from  this  PM  center  of  curvature 
in  the  Twyman-Greene  interferometer.  The  hologram  was  processed  and  then  mounted  in  the  focal  unit  of  the  telescope, 
imaging  the  remote  object.  Later  similar  experiments  were  carried  out  in  the  USA5'7.  This  method,  obviously,  can  be 
applied  only  to  the  static  distortions.  At  the  same  time  the  difficulties  due  to  the  necessity  to  take  the  hologram  out  for  the 
processing  and  then  to  put  it  to  the  proper  position  with  the  high  accuracy  prevented  the  wide  application  of  the  method. 

Later  the  progress  in  the  development  of  the  methods  of  the  dynamic  correction  for  distortions,  using  the 
nonlinear-optical  technique  of  the  phase  conjugation  has  resulted  in  elaboration812  of  the  so  called  bypass  (nonreciprocal) 
telescopes,  where  the  effect  of  phase  conjugation  compensation  was  applied  to  the  telescope  PM  and  other  elements.  This 
schematics,  which  was  elaborated  first  of  all  for  the  purposes  of  laser  beam  direction,  well  fits  also  with  the  problem  of  the 
remote  object  imaging.  Of  course,  the  use  of  phase  conjugation  technique  implied  the  application  of  the  coherent  radiation 
for  the  object  illumination  and  imaging. 

Such  a  technique  was  realized  in  several  experiments.  In  particular,  in  the  work”  there  was  realized  the 
diffraction  limited  imaging  with  the  use  of  the  bypass  telescope  with  the  PM  (diameter  300  mm,  curvature  radius  2400 
mm),  comprised  by  six  poor  quality  and  non-coaligned  segments.  The  remote  point  object  was  illuminated  by  the  coherent 
radiation  of  second  harmonics  of  Nd-laser  (>,=0.54  pm).  In  the  Fig.  1  are  shown  the  photographs,  published  first  in  paper1 1 . 
One  can  see  in  one  and  the  same  angular  scale  the  images  of  the  point  source,  reconstructed  by  the  “conventional” 
telescope,  whose  segmented  PM  was  not  coaligned  (the  relative  piston  shift  of  the  segments  was  at  least  10  pm),  and  by 
the  bypass  telescope  with  the  phase  conjugation  compensation  for  the  same  PM  distortions.  In  the  latter  case  the  system 
performance  was  practically  diffraction  limited. 

Soon  it  became  clear  that  the  schematics  of  such  systems  and  the  methods  of  their  design  well  fits,  in  particular, 
with  the  task  of  remote  object  imaging  with  the  use  of  the  dynamic  nonlinear-optical  correctors,  in  particular,  of  the 
dynamic  holographic  corrector.  The  first  to  our  knowledge  realization  of  the  system  of  such  a  kind  was  demonstrated  in 
the  work13.  This  work  was  realized  on  the  base  of  the  bypass  telescope,  elaborated  primarily  for  the  intense  C02-laser  beam 
(V=10.6  pm)  direction14,  using  the  phase  conjugation  for  the  correction  for  the  distortions  of  the  PM  (diameter  400  mm. 
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curvature  radius  4000  mm,  comprised  by  six  segments);  in  the  paper14  such  a  system  has  demonstrated  the  nearly 
diffraction  limited  performance  for  the  severely  disaligned  (relative  piston  shift  of  the  segments  exceeded  1  mm!).  In  the 
demonstration  experiment13  just  the  same  telescope  was  used  for  the  imaging  of  the  remote  object.  The  phase  conjugation 
mirror  was  replaced  by  the  dynamic  holographic  corrector,  recorded  in  the  thermal  medium  by  the  radiation  of  the  C02- 
laser.  This  hologram  was  used  for  the  correction  for  the  distortions  imposed  by  the  PM  into  the  image  of  the  point  object, 
illuminated  by  the  radiation  of  another  C02-laser,  mutually  incoherent  with  the  first  one. 

Recent  several  years  has  brought  fast  progress  in  the  technique  of  the  dynamic  holographic  correction,  using 
various  nonlinear  optical  media.  The  most  spectacular  results  were  demonstrated  with  the  use  of  the  optically  addressed 
liquid  crystal  spatial  light  modulators  (OA  LC  SLM).  The  elements  of  such  a  kind15'18  as  well  as  some  other19,20  were 
successfully  applied  for  the  one-way  dynamic  holographic  correction  for  the  severe  distortions  of  the  lenses,  imaging  the 
complicated  test  objects  in  the  incoherent  radiation.  In  the  paper21  there  was  demonstrated  the  application  of  the  OA  LC 
SLM  as  the  dynamic  holographic  corrector  in  the  bypass  telescope,  imaging  the  monochrome  point  source  of  radiation. 

This  paper  is  devoted  to  the  studies  of  the  non-monochrome  complicated  test-object  imaging  with  the  use  of  the 
bypass  telescope  with  the  large  numerical  aperture  and  dynamic  holographic  correction  for  its  PM  distortions,  using  the 
OA  LC  SLM  as  the  medium  for  the  dynamic  hologram  recording.  The  above  mentioned  bypass  telescope11  (PM  diameter 
300  mm,  curvature  radius  2400  mm,  focal  length  1200  mm)  served  as  the  prototype  for  this  telescope  design  (general 
composition  and  secondary  lenses  were  the  same  as  in  the  experiment  with  the  phase  conjugation  compensation).  In  the 
paper22,  published  in  the  same  book,  are  given  the  details  of  the  system  optical  design  and  the  results  of  its  performance 
numerical  simulation.  According  to  the  results  of  the  paper22,  in  the  case  of  the  bypass  schematics  application  for  the 
imaging  in  the  comparatively  wide  spectral  range  the  requirements  to  the  PM  quality  are  closer  than  in  the  case  of 
monochrome  radiation.  So  in  this  case  the  segmented  PM  of  paper1 1  was  replaced  by  the  poor  quality  solid  mirror  with  the 
same  geometry  parameters.  The  experiments  with  the  poor  quality  PM  were  accompanied  by  the  control  experiments  with 
the  high-quality  PM. 


EXPERIMENTAL  SETUP 

Optical  scheme  of  the  experimental  setup  is  shown  in  the  Fig.2.  Imaged  test  object  was  mounted  at  the  distance  of 
16500  mm  from  the  telescope  PM.  The  radiation  from  the  test  object  is  collected  by  the  PM  nearby  its  focal  plane.  The 
three  component  lens  of  special  design11,22  (clear  aperture  30  mm)  images  the  object  to  the  infinity.  In  the  assumption  of 
the  nondistorted  PM  this  image  quality  is  to  be  practically  diffraction  limited.  Beam  splitting  cube  sends  the  beam  to  the 
corrector  unit  (special  relay  telescope  reduces  this  beam  diameter  twice  down  to  15  mm  so  as  to  obtain  the  optimal 
radiation  energy  at  the  element  and  to  fill  within  the  experimental  facility  dimensions;  the  overall  clear  aperture  of  the  OA 
LC  SLM  available  in  this  experiment  was  30  mm)  and  to  the  registering  system  (lens  and  CCD-camera  or  photocamera). 
The  system  design  made  it  possible  to  record  both  the  zero  and  first  diffraction  (at  the  dynamic  hologram)  orders  without 
the  system  re-adjustment.  The  zero  diffraction  order  was  used  while  system  adjusting  and  provided  the  control  for  the 
images,  recorded  without  application  of  the  correction  technique  (see  further). 

In  the  mode  of  correction  for  distortions  the  system  action  consists  of  two  stages.  On  the  first  stage  the  distortions 
of  PM  are  read  out  by  the  pulsed  radiation  (second  harmonics  of  single  mode  Q-switched  Nd-laser,  L=0.54pm).  This 
radiation  records  the  hologram  of  these  distortions.  After  some  delay,  when  the  pulsed  radiation  is  absent,  the  test-object  is 
imaged  with  the  correction. 

The  hologram  of  PM  distortions  is  recorded  in  the  following  way.  Laser  radiation  enters  the  system  as  the  beam 
with  the  plain  wavefront  through  the  beam  splitting  cube.  Two  component  lens  of  special  design11,22  (clear  aperture  30 
mm)  focuses  it  to  the  PM  center  of  curvature.  The  radiation,  reflected  by  the  PM,  goes  back  through  the  lens.  The  beam, 
whose  wavefront  bears  the  information  on  the  PM  distortions,  is  sent  by  the  beam  splitting  cube  to  the  relay  telescope  and 
to  the  corrector  unit.  The  dynamic  hologram  was  recorded  as  the  interference  pattern  of  the  distorted  beam  with  some  part 
of  primary  laser  beam  with  the  non-distorted  plain  wavefront.  The  angle  between  two  beams  equaled  3°,  so  the  spatial 
carrier  frequency  of  the  dynamic  grating  equaled  95  mm'1 .  Special  shutter  protected  image  registration  system  off  the  laser 
radiation.  The  performance  and  parameters  of  the  dynamic  holographic  corrector  were  rather  similar  to  that  described  in 
the  papers17,18,  published  in  this  book.  In  this  work  we  have  also  used  the  OA  LC  SLM  with  both  nematic  and  ferroelectric 
LC  layers. 
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Fig.l.  Experimental  (paper11)  point  spread  function,  recorded  for  one  and  the  same  PM  distortions  in  the  telescope  without 

correction  for  distortions  (a)  and  with  correction, (by.  n  mi 


DISTORTED  PRIMARY 


Fig.2.  Scheme  of  the  experiment  on  the  dynamic  holographic  correction  for  the  PM  distortions. 
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Fig.  3.  Measured  values  of  frequency  -  contrast  characteristics  of  telescopes.  Solid  line  stays  for  the  theoretical  limit, 
calculated  for  the  ideal  system,  solid  dots  correspond  to  the  image,  recorded  in  zero  diffraction  order  with  non-distorted 
PM;  hollow  circles  correspond  to  the  system  with  “correction”  and  non-distorted  PM,  crosses  -  to  the  system  with  distorted 
PM  and  correction  (green  radiation,  centered  at  540  nm)  and  squares  -  to  the  system  with  distorted  PM  and  correction  at 

the  shifted  in  25  nm  wavelength. 


Fig.4.  Interferogram  of  the  deformed  mirror,  recorded  at  X=0.54  pm 
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Fig.5.Test-object,  imaged  by  conventional  kind  telescope  (without  correction)  with  the  distorted  PM. 


Fig.6.  Test-object,  imaged  by  the  telescope  with  correction  with  the  distorted  PM. 


On  the  stage  of  image  reconstruction  the  radiation  from  the  test  object  reaches  the  dynamic  hologram,  which 
corrects  in  the  first  order  for  diffraction  for  the  distortions,  imposed  by  the  PM.  Auxiliary  static  diffraction  grating6 1718 
with  the  same  spatial  frequency  of  95  mm'1  works  in  the  minus  first  order  of  diffraction  and  thus  compensates  for  the 
dynamic  grating  chromatism.  Now  the  registering  system  entrance  is  open  and  the  reconstructed  image  can  be  recorded 
(while  recording  the  corrected  image  in  the  diffraction  order,  the  non-corrected  image,  going  in  the  zero  order  of 
diffraction  was  shut  off).  In  the  reported  cycle  of  studies  we  have  realized  only  imaging  in  the  single  flash  mode,  but,  in 
principle,  in  the  future  such  a  system  can  be  used  in  pulse  repetitive  mode  of  action. 

Standard  stroke  test  object  with  the  spiral  arrangement  of  the  strokes23  was  used  in  the  experiment.  The  transverse 
size  of  the  test-object  was  9  mm,  fitting  to  the  design  aberration-free  field  of  system  vision  (~  2  minutes  in  the  angular 
measure).  This  test  object  was  illuminated  either  by  the  halogen  lamp  (power  ~  50  W)  or  by  the  photographic  flashlamp. 
Colored  filters  with  the  transmission  maximum  in  green  band  were  mounted  between  the  lamp  and  test-object  so  as  to 
provide  necessary  spectral  content  of  imaging  radiation.  Images  of  test-object,  recorded  under  various  conditions  of  the 
experiment  were  subject  of  frequency  vs.  contrast  analysis.  The  measured  dependencies  of  the  image  contrast  vs.  spatial 
frequency  of  strokes  are  summarized  in  the  Fig.  3. 

SYSTEM  PERFORMANCE  WITH  THE  HIGH-QUALITY  PM 

The  evaluation  of  the  system  with  the  correction  performance  was  preceded  by  the  evaluations  of  ideal  system 
performance.  On  the  very  first  stage  of  the  experiment  the  high-quality  spherical  mirror  was  mounted  in  the  telescope.  The 
image  of  the  test-object  was  first  recorded  in  the  zero  diffraction  order,  i.e.  in  the  mode  of  the  common  type  telescope.  The 
measured  parameters  of  frequency  vs.  contrast  parameter  are  shown  in  the  Fig.3  as  solid  dots.  The  solid  line  corresponds 
to  the  theory  limit  of  the  same  characteristics,  calculated  for  the  system  parameters  for  the  rectangular  test  object  and  for 
the  ideal  PM  quality.  One  can  see,  that  the  optical  performance  of  the  very  telescope  was  practically  diffraction  limited. 

On  the  next  stage  we  have  evaluated  the  performance  of  the  system  with  the  “correction”  (i.e.  with  the  record  of 
the  corrector  and  image  reconstruction  in  the  first  order  of  diffraction)  for  the  case  of  ideal  PM.  The  corresponding  values 
of  the  frequency  vs.  contrast  characteristics  are  shown  in  the  Fig.3  as  the  hollow  circles.  One  can  see  that  in  this  case  the 
system  performance  is  somewhat  worse  than  in  the  first  case.  Possible  reasons  are  the  large  number  of  auxiliary  elements 
in  the  beamlet  of  corrector  and  the  non-ideal  quality  of  the  very  corrector  unit.  Obviously,  these  results,  indicated  in  the 
Fig.3  also  by  the  dotted  line,  are  to  be  treated  as  the  best  possible  parameters,  available  in  the  case  of  realization  of  the 
system  with  the  correction  for  real  distortions. 

SYSTEM  PERFORMANCE  IN  THE  MODE  OF  CORRECTION  FOR  PM  DISTORTIONS 

On  the  next  stage  of  experiment  the  ideal  PM  was  replaced  by  the  intentionally  poor  quality  PM,  realized  as  the 
thin  (15  mm  thickness)  and  slightly  flexible  mirror.  This  mirror  was  intentionally  distorted  by  means  of  longitudinal 
stress.  In  the  Fig.4  is  shown  the  interferogram  of  the  poor  quality  PM,  mounted  in  the  telescope.  This  interferogram  was 
recorded  in  the  plane  of  the  holographic  corrector;  the  proper  spatial  frequency  of  the  interference  fringes  was  realized  by 
means  of  choosing  of  the  proper  angle  between  the  probe  and  reference  beams.  One  can  see  that  the  global  deformation  of 
the  PM  surface  with  respect  to  the  spherical  shape  equals  some  5-8  fringes. 

In  the  Fig.5  is  shown  the  severely  distorted  image  of  the  test  object,  recorded  in  the  zero  diffraction  order  (i.e., 
without  correction  for  distortions)  in  the  system  with  such  a  distorted  PM.  In  the  Fig.6  is  shown  the  corrected  image, 
recorded  for  the  same  distortions  of  PM  with  the  use  of  the  colored  filter  (bandwidth  50  nm,  centered  at  the  recording 
wavelength  of  540  nm).  In  the  Fig.3  the  corresponding  values  of  frequency  vs.  contrast  characteristics  are  shown  by 
crosses.  One  can  see  that  this  system  performance  was  quite  identical  to  that  with  the  use  of  ideal  quality  PM,  i.e.  the 
distortions  were  completely  eliminated. 

At  the  shifted  wavelength  one  has  to  observe  the  deterioration1718-22  of  the  correction  fitness.  In  experiment  we 
have  used  the  colored  filter,  whose  band  center  was  shifted  in  25  nm  with  respect  to  recording  wavelength  (bandwidth  75 
nm).  The  corresponding  values  of  frequency  vs.  contrast  characteristics  are  shown  in  the  Fig.3  by  squares.  One  can  see 
some  deterioration  of  the  system  performance.  However,  it  can  be  explained  not  only  by  the  effect  of  non-fitting  to  the 
distortions  while  hologram  reconstruction  at  the  shifted  wavelength,  but  also  by  the  incomplete  achromatization  of  the 
auxiliary  optics,  used  in  this  experiment. 
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CONCLUSION 


We  have  shown  in  the  experiment  that  one  can  use  the  bypass  telescopes  with  the  dynamic  holographic  correction 
for  the  PM  distortions  in  the  mode  of  complicated  object  imaging  in  the  sufficiently  wide  spectral  band.  The  quality  of  the 
corrected  image  is  rather  high. 
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ABSTRACT 

A  novel  approach  to  the  liquid  crystal  modulators  design  is  suggested  under  which  the  liquid  crystal  is  treated  as  a  distrib¬ 
uted  capacitor.  To  control  the  capacitor,  we  introduced  a  distributed  high  resistance  control  electrode.  We  devised  methods 
of  control  and  investigated  modal  liquid  crystal  modulators  that  can  be  used  as  adaptive  cylindrical  and  spherical  lenses. 
Analytical  derivations,  computer  and  experimental  results  are  presented  and  discussed. 

Keywords:  liquid  crystals,  spatial  light  modulators,  adaptive  lenses 

1.  INTRODUCTION 

Multi-element  liquid  crystal  (LC)  phase  modulators  hold  great  promise  because  of  their  light-transmitting  operation,  simple 
control,  and  reliability.  They  can  be  applied  for  suppressing  phase  aberrations  in  the  atmosphere1  or  in  optical  systems2  and 
for  the  light  beams  focusing  in  complex  patterns3  as  well.  To  solve  these  problems,  LC  modulators  with  direct  electrical  or 
optical  addressing  are  used.  In  many  current  and  feasible  applications,  such  as  autofocus  in  bar  code  readers  and  compact 
disk  players,  zoomfocus  image  in  capturing  systems  and  3D-scanners,  semiconductor  lasers  astigmatism  correction,  and 
human  vision  correction,  it  is  the  low  order  space  aberrations  that  one  has  to  deal  with,  such  as  defocusing  and  astigmatism, 
i.e.,  adaptive  spherical  or  cylindrical  lenses  are  necessary. 

Two  major  approaches  to  an  adaptive  LC  lens  design  have  been  suggested.  Kowel  et  al.4  produced  a  given  shape  of  the 
LC  refractive  index  gradient  by  a  set  of  individually  controlled  electrodes  using  zonal  correction  principle.  Precision  control 
in  these  modulators  requires  that  a  large  number  of  discrete  control  electrodes  be  used.  In  the  simplest  configuration,  the 
electrodes  are  linear  and  equidistant  to  shape  a  cylindrical  wavefront.  A  circular  electrode  configuration  is  impractical  be¬ 
cause  of  the  difficult  mask  fabrication.  Spherical  phase  correction  is  achieved  by  combining  two  crossed  modulators.  Devel¬ 
oping  this  concept,  Riza  and  DeJule5  used  the  same  parallel  electrode  geometry  with  the  high-resistance  coating  between  the 
neighboring  electrodes  that  are  interconnected  with  electrical  biasing  resistors  network.  Cylindrical  index  variation  of  the  LC 
is  induced  by  distribution  of  control  voltage  applied  to  the  top  and  bottom  electrodes  of  the  LC  lens.  The  central  electrode  is 
biased  near  the  threshold  value  for  the  LC  molecular  activation  and  top  cover-glass  electrode  is  grounded.  Thus,  the  authors 
actually  realized  modal  control  principle  through  zonal  control. 

The  second  approach  is  based  on  modal  control  principle.  This  approach  makes  use  of  a  non-uniformity  of  electric  field 
produced  by  two  hole-patterned  electrodes  or  one  hole-patterned  electrode  and  a  ground  electrode.  In  both  cases,  there  is  a 
strong  limitation  on  the  hole  diameter  to  the  LC  layer  thickness  ratio,  to  produce  nearly  quadratic  index  perturbation  across 
the  LC  cell  area.  The  lens  focusing  properties  deteriorate  when  this  ratio  increases.  Typically,  for  a  good  alignment,  the  LC 
thickness  should  not  exceed  50  pm,  limiting  the  lens  aperture  to  several  hundred  micrometers.  Hence,  this  approach  is  only 
suitable  for  microlenses  fabrication6,7. 

Both  concepts  described  allow  for  the  voltage  amplitude  control  of  an  adaptive  LC  lens  but  the  voltage  frequency  is  not 
taken  into  account.  We  propose  a  novel  approach  to  form  a  smooth  continuous  near-quadratic  distribution  of  the  refractive 
index  in  the  nematic  LC  layer,  realizing  pure  modal  control  principle  in  a  wide  aperture  modal  liquid  crystal  lens  (MLCL). 
This  is  achieved  by  introducing  a  high-resistance  control  electrode  (CE)  and  regarding  the  CE-LC  combination  as  a  system 
with  distributed  resistance  (control  electrode)  and  distributed  capacitance  (LC  layer).  Along  with  regular  amplitude  control, 
reactive  nature  of  this  system  enables  a  frequency  control  of  the  LC  lens  performance8.  Spatial  modulation  of  the  wavefront 
is  specified  by  the  geometry  of  contacts  located  at  the  periphery  of  the  modulator  aperture.  Ultimately,  we  need  a  single 
circular  control  contact  for  a  spherical  MLCL  lens  and  two  linear  equidistant  contacts  for  a  cylindrical  MLCL. 
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2.  BASIC  THEORY 

Let  us  consider  a  LC  cell  configuration  shown  in  Fig.  1.  The  LC  layer  is  sandwiched  between  two  transparent  plate  elec¬ 
trodes  deposited  on  glass  substrates.  The  distributed  resistance  of  the  CE  is  much  higher  than  that  of  the  ground  electrode. 
Control  voltage  is  applied  to  the  contacts  deposited  at  the  periphery  of  the  highly  resistive  electrode.  Initial  homogeneous  LC 
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Fig.  1.  General  schematic  for  MLCL  (a)  and  the  contacts  layout  for 
cylindrical  (b)  and  spherical  (c)  lenses. 


layer  alignment  is  determined  by  the  alignment  coat¬ 
ing,  and  the  dielectric  spacers  set  the  LC’s  thickness. 
Active  impedance  of  the  high  resistance  CE  and  reac¬ 
tive  impedance  of  the  LC  layer  form  a  distributed 
voltage  divider.  When  an  AC  control  voltage  is  ap¬ 
plied  to  the  peripheral  contacts,  the  voltage  at  the 
center  of  the  CE  lags  behind  the  voltage  variation  at 
the  contacts  because  of  the  reactive  nature  of  the  de¬ 
vice.  At  higher  frequencies,  this  delay  increases,  re¬ 
ducing  the  rms.  voltage  at  the  aperture  center.  Another 
factor  contributing  to  this  voltage  drop  is  leakage 
currents  through  the  LC  layer.  For  certain  frequencies 
and  amplitudes  of  the  control  voltage,  resulting  rms. 
voltage  distribution  over  the  LC  layer  is  close  to  para¬ 
bolic.  Additionally,  if  we  ensure  a  linear  working 
range  on  the  LC  birefringence  vs.  voltage  curve,  a 
plane  lightwave  passing  through  the  MLCL  becomes 
cylindrical  or  spherical. 

To  enable  prediction  and  optimization  of  the 
MLCL  focusing  properties,  we  performed  a  theoreti¬ 
cal  analysis  of  the  voltage  distribution  across  its  aper¬ 
ture.  We  treat  the  LC  layer  as  a  parallel-plate  capaci¬ 
tor,  one  plate  of  which  carries  a  non-uniform  free 
carriers  distribution  and  another  one  is  an  equipoten- 
tial  surface.  We  found  the  LC  conductance  to  have 
strong  effect  on  the  MLCL  electrical  properties,  so  we 
also  took  into  account  leakage  currents  in  the  LC. 
Quantitatively,  the  voltage  distribution  in  the  LC 


adaptive  lens  is  described  by  the  following  equation  of  the  MLCL  (see  Appendix  for  its  derivation): 


(1) 


where  p,s  is  the  CE  sheet  resistance,  Cs  and  gs  are  specific  capacitance  and  conductance  of  the  LC  layer,  respectively.  The 
nature  of  Eq.  (1)  can  be  clarified  by  a  lumped-parameter  electrical  analogue  shown  in  Fig.  (2).  Deriving  from  Kirchhoff  s 
rules  the  voltage  distribution  for  this  model,  we  also  obtain  Eq.  (1). 

Equation  (1)  is  applicable  to  any  contact  configuration  and  to  arbitrary  temporal  dependence  of  U.  However,  in  this  paper 
we  focus  on  a  harmonic-type  applied  voltage.  For  a  single  harmonic  of  frequency  ©,  the  MLCL  equation  is  reduced  to 
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Fig.  2.  One-dimensional  lumped-parameter  electrical  analog  for  a 
MLCL. 


where  %2  =  ps{§s  ~  Note  that  mathemati¬ 

cally  the  voltage  distribution  is  governed  by  a  single 
complex- valued  parameter  %,  measured  in  m'1.  There¬ 
fore,  we  should  expect  distinctly  different  voltage 
profiles  for  large  and  small  values  of  yl,  respectively, 
where  /  is  the  characteristic  aperture  size.  Alterna¬ 
tively,  introducing  the  LC  specific  impedance  as 

Zs  ={gs-i<»CsY]  ,  we  find  the  parameter  %2  to 
equal  the  ratio  pJZs.  Frequency  dependence  of  yl 
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enables  the  MLCL  control  through  applied  voltage  frequency  variation,  along  with  traditional  voltage  amplitude  control. 

The  LC  specific  conductivity  gs  and  capacitance  Cs  are  determined  by  the  real  and  imaginary  parts  of  the  complex  dielec¬ 
tric  constant  e=e'+/e"  (see  Ref.  9).  Generally  speaking,  they  are  fairly  complex  functions  of  rms.  and  frequency  of  the  ap¬ 
plied  voltage,  rendering  analytical  solution  of  Eq.  (2)  practically  impossible.  Below  we  consider  a  special  case  of  voltage- 
independent  Zs,  which  is  important  for  the  insight  into  the  physics  of  the  MLCL  work,  as  well  as  initial  approximation  for 
computer  simulations. 


2.1  Cylindrical  lens 

The  contact  geometry  is  shown  in  Fig.  1(b).  The  linear  symmetry  for  the  2D  potential  distribution  in  this  case  greatly  simpli¬ 
fies  the  analysis.  Instead  of  Eq.  (2)  we  have 


d2U 
dx 2 


(3) 


Equation  (3)  should  be  completed  by  a  set  of  boundary  conditions  (BC).  In  general  form  the  single-harmonic  BC  can  be 
written  as  follows: 


£/(-/)= (/oisin(cof).  t/(0=^o2sin(cof+(p),  (4) 

where  (p  is  the  contact  voltage  phase  shift,  i.e.,  the  phase  shift  between  the  control  voltages  applied  to  the  contacts  relative  to 
the  ground  plate.  The  following  special  case  BCs  can  be  realized  experimentally: 
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Symmetric 
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(b) 

Anti-symmetric 

Uoi~  Uq2,  Cp-7C 

(c) 

Asymmetric, 

Open-circuit  at  x=\ 

(d) 

Asymmetric, 

Short-circuit  at  x=l 

(e) 

Asymmetric, 

t/0i=  Uqj,  cp#0  and  tp^kti,  k=  1, 2, 

(f) 

Asymmetric, 

Uoi*U02,  tp=0 

First,  we  consider  the  (a)-type  BC.  These  are  available  both  for  cylindrical  and  spherical  MLCL’s.  Other  cases  can  be 
realized  only  in  a  cylindrical  lens  and  are  dealt  with  later.  From  Eq.  (3)  we  obtain 

t/=  COShC^O  (6) 

cosh(  %l) 


By  introducing  the  LC  impedance  Z=Zs/2/er  and  the  CE  resistance  R=ps2l/a,  we  present  this  parameter  in  the  form 
xi  =  4W  -iaC)/  2.  Here  a  is  the  aperture  width  along  the  contacts.  It  is  instructive  to  consider  limiting  cases  of  small 
and  large  magnitudes  of  |%/ 1,  respectively: 


and 


For  small  values  of  \%l  I,  Eq.  (6)  gives 


U(x)*U0 


lx/l2«i 

(7) 

tar/  F»i. 

(8) 

(9) 

Equation  (9)  shows  that  for  small  bends  the  voltage  distribution  is  essentially  parabolic.  The  voltage  in  the  aperture  center  is 
equal  to 
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(10) 


(  r\ 

It  is  necessary  to  keep  the  rms.  voltage  U{ 0)  above  the  threshold  electrooptic  voltage  UA.  Then  for  l/<(2-r3)L'th  the  variation 
of  the  LC  refraction  index  vs.  U  is  linear  and  the  required  quadratic  index  perturbation  of  the  LC  for  formation  of  a  cylindri¬ 
cal  lens  occurs. 

In  the  opposite  case  of  large  \yl  I  we  obtain 

U{x)=U0e'x[,M) .  (11) 

The  voltage  drops  exponentially  from  contacts  to  the  central  area  and  is  noticeably  different  from  zero  only  in  narrow 
regions  next  to  the  contacts.  The  width  of  these  regions  is  of  the  order  of  (Rex)'1  and,  according  to  (8),  is  much  smaller  than 
/.  This  regime  is  not  desirable  for  the  LC  lens,  as  the  bulk  of  the  lens  is  not  involved  in  focusing. 

Now  let  us  consider  the  (b)-type  BC.  Similarly  to  the  previous  analysis,  we  obtain 

sinh(^)  (12) 

0  sinh(^Z) 

Unlike  the  symmetric  distribution,  in  case  of  anti-symmetric  distribution  the  voltage  in  the  MLCL  center  is  always  zero.  The 
focusing  properties  of  the  MLCL  in  this  case  are  important  for  the  design  of  adaptive  cylindrical  axicon. 

Finally,  for  both  (e)  and  (f)-type  BC,  the  voltage  minimum  shifts  away  from  the  MLCL  center  but  optically  these  types 
are  different.  Coupled  with  criterion  (7),  the  (e)-type  BC  causes  the  MLCL  optical  axis  to  shift  from  the  center,  while  for  (f)- 
type  BC  optical  axis  is  deflected  from  the  center. 


2.2  Spherical  Lens 

Introducing  the  polar  coordinates  in  the  center  of  the  MLCL  aperture  (see  Fig.  1(c)),  Eq.  (2)  can  be  modified  as 

d2U  1  dU  2tt  . 
dr 2  r  dr 

Particular  solution  of  this  equation,  finite  at  r=0  and  complying  the  BC 

U(r  =  l)  =  U0, 


has  a  form 


u=u, 


hW 


°  h{xl) ' 

Here  I0  is  the  modified  Bessel  function  of  zero  order.  From  Eq.  (15)  for  small  values  of  %l  we  obtain 


u  ~  u. 


1 


(13) 

(14) 

(15) 

(16) 


Similar  to  cylindrical  MLCL,  the  voltage  varies  quadratically  with  the  distance  from  the  center  of  the  spherical  MLCL. 
For  large  values  of  |x/|  we  obtain  exponential  voltage  decay  from  the  contact  to  the  lens  aperture  center.  Indeed,  expansion  of 
the  Bessel  function  in  this  zone  contains  exponents  exp(±rx).  Assuming  Rex>0,  we  can  ignore  the  exponents  with  -yr.  Then 
for  r  >(2+3)(Rex)'' 

U  =  U0JIfie-*{‘-r).  (17) 

Thus,  only  thin  ring-shaped  area  at  the  aperture  periphery  is  involved  in  focusing  so  that  the  MLCL  regime  with  |x/|»  1 
is  impractical. 
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2.3.  Focal  lengths 

In  Fresnel’s  approximation  the  focal  length  of  the  MLCL  is  given  by 


F  id1  (18) 

(a<dc-aoe)i’ 

where  AOC=A<I>(0)  and  A<he=A<b(/)  are  the  phase  delays  between  ordinary  and  extraordinary  light  waves  with  the  wavelength 
X  in  the  center  and  at  the  edges  of  the  device,  correspondingly.  Phase  delay  for  arbitrary  point  on  the  MLCL  aperture  can  be 
written  as 

A<J>  =  2n  And  /  X ,  (19) 


where  An  is  the  LC  birefringence: 

An=  { 


dl  2 


-d/2 


cos2  0  +  h2  sin2  6 


dz . 


(20) 


As  it  follows  from  the  analysis  in  Section  2,  in  case  of  small  values  of  |x|  the  phase  distribution  in  a  MLCL  has  a  desired 
quadratic  form.  However,  in  this  regime  the  voltage  bend  in  the  lens  center  is  small  (of  the  order  of  {ylf),  resulting  in  small 
values  of  A<bc-A<£>e.  Hence,  the  MLCL  should  exhibit  good  focusing  properties  at  large  focal  lengths.  For  many  applications, 
though,  the  short  focuses  are  preferable,  in  which  case  we  must  move  from  condition  (7)  to  larger  values  of  yl.  We  have 
already  noted,  however,  in  connection  with  Eq.  (11),  that  it  is  impractical  to  increase  the  value  of  \yl\  much  above  the  unit,  as 
only  small  portion  of  the  MLCL  aperture  becomes  involved  in  focusing.  Thus,  the  best  MLCL  performance  criterion  is 
(X0~1>  i-e., 

l2psjg2s  +&2C2S  ~  1.  (21) 

The  phase  shift  distribution  in  this  case  is  not  parabolic,  inducing  phase  aberrations.  To  alleviate  the  problem  of  short  focal 
length  phase  aberrations,  we  developed  two  special  techniques.  The  first  one  consists  in  optimizing  the  MLCL  focusing 
properties  by  appropriate  choice  of  the  control  voltage  frequency  and  amplitude  for  a  single  harmonic.  The  second  technique 
is  based  on  the  use  of  multiple  harmonics  in  the  applied  voltage  spectrum.  Let  us  consider  more  closely  the  best  performance 
criterion  (21).  The  range  of  the  focal  distances  is  mainly  determined  by  the  aperture  size.  The  value  of  (A<3>c-A<t>e)  in  Eq.  (18) 
is  limited  by  A<S>max=2n(ne-n0)d/X,  where  ne,  n0  are  refractive  indices  for  extraordinary  and  ordinary  light,  correspondingly. 
The  value  of  AOmax  is  determined  by  the  LC  layer  thickness,  which  is  normally  less  than  50  pm  to  provide  a  good  LC  align¬ 
ment.  The  limit  value  of  birefringence  for  visible  light  is  about  0.3.  To  obtain  a  short-focus  MLCL,  it  is  necessary  to  de¬ 
crease  the  aperture  size  /.  Though  in  this  case  the  relation  (21)  can  be  destroyed  and  we  face  the  risk  of  obtaining  a  simple 
LC  cell  instead  of  a  lens,  we  can  rescue  the  criterion  (21)  by  increasing  the  control  voltage  frequency. 

Thus,  for  the  steady-state  regimes  the  LC  material  for  a  MCLC  should  meet  the  following  requirements: 

(a)  a  high  birefringence  A n  to  obtain  maximum  (Ad>c-AOc), 

(b)  high  dielectric  constants  ex'  and  Sj|'  to  enhance  the  MLCL  reactive  impedance,  enabling  low  frequency  voltage  control 
(important  for  maintaining  low  gs), 

(c)  low  dielectric  constants  ex"  and  ef  to  guarantee  small  gs,  preventing  by-passing  of  the  LC  capacitance  by  its  conduc¬ 
tance. 


3.  EXPERIMENTAL  RESULTS 

We  used  two  types  of  nematic  LC  with  positive  dielectric  anisotropy:  LC1348  and  LC616  (from  NIOPIK,  Moscow).  The 
LC  1348B  has  a  relatively  high  birefringence  0.224  for  X=0.633  pm  and  high  electrical  conductivity.  The  birefringence  of 
the  LC  616  is  0.101  but  its  conductance  is  twice  as  little.  We  produced  initial  homogeneous  alignment  of  the  LC  by  rubbing 
polyvinylalcohol  film  coating  on  the  CE  layer  and  the  ground  electrode.  Polymer  spacers  determined  the  LC  layer  thickness 
to  be  25  pm.  Dielectric  constants  Ej.'  and  sn'  and  the  ratio  of  elastic  constants  Kn/K33  were  pointed  out  in  the  LC’s  certifi¬ 
cates.  The  absolute  value  of  splay  constant  Ku  was  found  from  the  threshold  voltage,  which  for  electrooptic  S-effect9  is 
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(22) 


UA  =  *, 


4nKu 

A  s' 


To  evaluate  ex"  and  E||"  and  to  find  the  specific  capacitance  and  conductance  of  the  LC  layer,  we  investigated  their  inte¬ 
gral  values  of  C=CJS  and  G=gsS  for  a  simple  LC  cell10. 

We  assembled  modulators  with  ground  plates  coated  by  highly  conductive  indium-tin-oxide  films.  The  high  resistance 
CE’s  of  titanium  films  were  deposited  on  glass  substrates  at  ~10'3  Pa  and  subsequently  heated  in  atmosphere.  These  elec¬ 
trodes  have  good  transparency  in  visible  region  but  it  was  difficult  to  obtain  a  desired  surface  resistance  because  of  its  deg¬ 
radation.  We  selected  the  deposition  regime  under  which  the  resistance  between  15-mm-long  linear  highly  conductive  tita¬ 
nium  contacts  spaced  by  a  4-mm  distance  stabilized  at  the  level  of  ~2  MQ  after  a  period  of  degradation.  The  line  contacts 
were  fabricated  by  evaporation  of  the  titanium  film  through  the  steel  mask.  We  also  fabricated  circle  contacts  for  spherical 
MLCL’s  with  the  diameter  6.5  mm.  Computer  simulations  show  that  the  value  of  ps  has  no  immediate  effect  on  the  focusing 
performance  but  may  lead  to  contravention  of  the  criterion  (21). 

3.1.  Amplitude-frequency  lens  control 

Theoretical  analysis  of  Section  2  shows  that  by  adjusting  the  applied  voltage  frequency  we  can  control  the  MLCL  focal 
length  even  at  fixed  voltage  amplitudes.  Figure  3  shows  intensity  distribution  at  1  m  away  from  the  spherical  MLCL 


Fig.  3.  Interference  fringe  patterns 
obtained  by  positioning  the 
spherical  MLCL  (based  on  Merck 
LC)  between  crossed  polarizers 
(middle  row)  for  different  AC 
frequencies  and  rms.  voltage 
values  (top  row).  Bottom  row  is 
corresponding  intensity  distribu¬ 
tions  1  m  away  from  the  MLCL. 
For  comparison  we  present  also 
focusing  by  ordinary  glass  lens  of 
the  same  aperture  and  focal  length 
(in  the  middle  of  the  top  row). 
Numbers  on  the  scale  are  mm. 

and  corresponding  interference  pattern  between  ordinary  and  extraordinary  waves  in  the  MLCL  positioned  between  two 
crossed  polarizers.  To  reduce  RMS  deviation  from  an  ideal  parabolic  phase  profile,  one  can  optimize  both  frequency  and 
rms.  voltage.  From  computer  simulations  we  found  that  variation  of  R  has  practically  no  effect  on  the  optimal  control  voltage 
but  affects  the  optimal  frequency,  and  that  only  for  different  focal  distances.  On  the  contrary,  variation  of  e"  changes  the 
optimum  voltage  amplitude  but  not  its  frequency.  Experimental  results  of  focusing  by  means  of  the  cylindrical  MLCL  are 
shown  in  Fig.  4.  These  curves  were  obtained  by  scanning  a  coupled  photodiode  and  adjusting  0.3  mm  slit  diaphragm.  To 
avoid  laser  power  fluctuation  influence  and  to  increase  measurement  sensitivity,  we  modulated  the  laser  beam  by  a  mechani¬ 
cal  chopper  and  used  a  selective  millivoltmeter  tuned  to  the  chopper  frequency. 

Up  to  now  we  regarded  the  MLCL  amplitude-frequency  control  through  variation  of  the  LC  capacitance.  However,  due 
to  dispersion  of  nematic  LC’s  dielectric  constant,  at  certain  frequencies  its  imaginary  part  e"  can  display  a  resonance  behav¬ 
ior9  which  results  in  the  similar  resonance  of  g,  vs.  f  dependence.  We  believe  this  sudden  rise  in  gs  to  be  responsible  for  the 
focusing  by  the  MLCL  based  on  relatively  low  resistance  CE  (R= 4  kfi)  with  LC  1348B,  that  we  observed  at  high  frequen¬ 
cies  850..900  kHz.  Figure  5  shows  the  interference  pattern  for  rms.  voltage  4  V  and  f= 870  kHz.  Reduction  of  the  picture 
contrast  is  explained  by  the  dynamic  scattering  at  the  MLCL  aperture  periphery.  To  prove  the  active  nature  of  the  LC  im¬ 
pedance  in  this  frequency  range,  we  measured  the  phase  shift  between  the  throughput  current  (a-type  BC)  and  the  applied 
voltage,  and  obtained  values  of  about  1 1°.  Voltage  distribution  was  unstable  for  the  similar  MLCL  with  the  LC  616. 
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Fig.  5.  MLCL  interferogram  for 
frequency  corresponding  to  di¬ 
electric  constant  dispersion: 
/=870  kHz,  U= 4V. 


Q  2  4  6  8  3.2.  Lens  control  through  contact  voltages  phase  shift 

,  v  As  it  follows  from  (e)-  and  (b)-type  BC’s  in  Eq.  5,  cylindrical 

X  (Mj  wavefront  profile  can  be  produced  in  the  cylindrical  MLCL  by 

Fig.  4.  Plots  represent  focal  line  intensity  distribu-  adjusting  the  phase  shift  cp  between  control  voltages  U\  and  U2.  In 

tions  of  cylindrical  MLCL  at  1.5  m  for  U= 0  V  and  this  case,  the  maximum  value  of  (Ad)c-Ad)e)  is  independent  of  the 

t/=7V,  f=  5  kHz.  Inserts  show  corresponding  imag-  MLCL  parameters  and  control  voltage  frequency.  Figure  6  shows 

ing  by  MLCL.  interferograms  obtained  by  the  Michelson  interferometer  adjusted 

on  the  equal  slope  fringes  perpendicular  to  the  line  contacts.  In 
this  experiment,  we  used  the  same  cylindrical  MLCL  as  for  the  electrooptic  reply  visualization  (paragraph  A  of  the  current 
Section).  We  fixed  the  rms.  voltage  (5  V)  and  frequency  (100  Hz)  and  varied  cp  from  0  to  n.  For  (p=2.2  rad  and  cp=Jt  inter¬ 
ferograms  have  vertical  “furrowing”  that  we  attribute  to  amplitude-phase  modulation  caused  by  the  usual  kink  in  A4>(x) 
distribution  due  to  the  threshold  nature  of  the  electrooptic  effect.  These  distortions  can  still  be  seen  at  the  shut  off  of  the 
interferometer  reference  aim.  Theoretical  curves  in  Fig.  7  show  the  voltage  and  phase  delay  distributions  which  were  calcu¬ 
lated  according  to  the  experimental  result  at  cp=ji.  The  A<5  fracture  can  be  eliminated  by  pretilted  initial  alignment  of  the  LC 
molecules  or  by  additional  voltage  bias.  The  latter  can  be  realized  through  dual-harmonic  voltage  control.  The  first  harmonic 
has  no  contact  voltages  phase  shift  and  serves  as  a  tool  for  biasing  out  of  the  threshold,  the  second  harmonic  having  the 
phase  shift  of  n.  We  use  similar  method  to  realize  adaptive  cylindrical  axicon,  i.e.,  the  optical  element  providing  long  beam 
waist  in  its  focus.  Computed  voltage  distribution  and  phase  profiles  of  the  corresponding  axicon  are  presented  in  Fig.  8(a). 
Figure  8(b)  shows  intensity  distributions  near  the  focal  distance  of  the  axicon  versus  the  ideal  equivalent  cylindrical  lens. 

According  to  computer  simulations,  the  RMS  error  of  phase  approximation  by  the  MLCL  increases  with  the  optical 
power  and  for  F=0.5  m  its  theoretical  value  reaches  1.26  rad.  This  situation  can  be  somewhat  improved  by  introducing  addi- 
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Fig.  6.  Interferograms  for  different  contact  phase  shift 
(top)  and  correspondent  amplitude  transmission  of 
MLCL  (bottom).  Rms.  voltage  7  V,  frequency  is  100 
Hz. 
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Fig.  7.  Voltage  and  phase  delay  distribu¬ 
tions  for  cp=7t. 
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Fig.  8.  Axicon  voltage  and  phase  profiles  (a)  and  computer  simulated  intensity 
distributions  near  the  focal  distance  of  the  axicon  (solid  lines)  and  of  the  equiva¬ 
lent  ideal  cylindrical  lens  (dotted  lines)  (b). 


tional  harmonics  into  the  control  volt¬ 
age  and  further  by  introducing  phase 
shifts  between  some  of  these  harmon¬ 
ics.  To  examine  this  possibility,  we 
combined  the  Monte-Carlo  method 
with  the  descent  search,  and  for  5  har¬ 
monics  obtained  the  RMS  22%  less  . 
To  save  symmetry  in  the  phase  delay 
distribution,  AO(x),  the  phase  shift  q> 
between  harmonics  of  the  same  order 
should  be  equal  to  7t.  In  this  particular 
case,  the  computer  introduced  the 
phase  shift  7t  between  the  3-rd,  the  4-th 
and  the  5-th  harmonics. 


4.  CONCLUSION 

We  proposed  and  developed  a  novel  method  of  the  LC  space  modulator  control  in  applications  to  a  given  wavefront  shape 
formation.  The  method  was  realized  in  adaptive  cylindrical  and  spherical  MLCL’s.  The  main  distinction  of  the  suggested 
approach  is  that  the  LC  modulator  is  treated  as  a  system  with  distributed  electric  parameters.  The  modulator  is  driven  by 
controlling  its  distributed  reactive  parameters,  which  causes  optical  reply  redistribution  across  the  modulator  aperture.  We 
demonstrated  that  the  time  profile  (Fourier  spectrum)  of  the  control  voltage  determines  the  spatial  profile  of  the  phase 
transmission  through  the  modulator.  We  used  this  circumstance  to  reduce  phase  aberrations  at  short  focal  lengths  of  the 
cylindrical  MLCL. 

5.  APPENDIX 

This  appendix  outlines  the  derivation  of  Eq.  (1).  Electric  field  along  the  CE  layer,  produced  by  the  AC  voltage  applied  to  the 
contacts  (see  Fig.  1),  induces  AC  current  parallel  to  the  CE  layer.  As  the  AC  current  destroys  the  local  charge  neutrality  in 
the  CE  layer,  the  excess  charge  produces  electric  field  and  local  potential  difference  U(x,y)  across  the  LC  layer.  Now  we 
derive  the  equation  governing  the  distribution  of  U{x,y)  along  the  aperture.  We  start  with  equations  for  electric  fields  and 
currents  in  the  LC  layer: 


VD  =  0, 

(Al) 

A  =  , 

(A2) 

j  =  oE, 

(A3) 

<11 2 

-  \Ezdz*-Ezd. 

(A4) 

-an 


Here  D  and  E  are  electric  displacement  and  field  strength,  respectively,  j  is  electric  current  density,  e  and  o  are  effective 
dielectric  constant  and  conductivity  of  the  LC,  respectively,  d  is  the  LC  layer  thickness.  As  we  use  pure  LC  materials,  we  can 
assume  the  conductivity  to  be  due  to  dielectric  losses  only  and  ignore  space  charge  density  in  the  Eq.  (Al).  We  also  assume 
that  only  z-components  of  vectors  D  and  E  are  nonzero  and  e  can  be  considered  constant  throughout  the  LC  layer.  Only  in 
this  case  Eq.  (A4)  remains  valid.  The  total  current  continuity  equation  and  Ohm’s  law  describe  space  charge  generation  in  a 
thin  layer  of  the  CE: 

^+VjCB=0,  <A5> 

Ot 


jcE  ^CE^CE  —  °CE  ^ sU  ’ 


(A6) 
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where  pCE  is  the  space  charge  density  and  ctCe  is  the  conductivity  of  the  CE  layer,  respectively,  and 


V  =  N 


d  „  d 
8x  +  y  dy' 


As  we  used  high  conductivity  coatings  for  CE,  all  AC  voltage  frequencies  comply  with  the  condition 


(A7) 


0)TU  «1,  (A8) 

where  tm=£o£ce/ctce  is  the  CE  material  Maxwell  relaxation  time.  The  inequality  (A8)  implies  that  the  frequency  is  low 
enough  for  the  space  charge  in  the  CE  layer  to  follow  the  voltage  variation.  The  outer  regions  then  are  effectively  screened 
out  from  the  field  in  the  LC  layer,  i.e.,  outside  the  lens  z-component  of  the  displacement  is  essentially  zeroed.  Then  from  the 
boundary  jump  of  the  displacement  on  the  CE  layer 


(A9); 


where  8ce  is  the  surface  charge  density,  we  obtain 

^ce  =  ~Dz{d). 


(aio); 


Combining  Eqs.  (A2),  (A4),  and  (AIO),  we  find  a  local  relation  between  the  applied  voltage  and  the  electric  charge: 


#cE(x>y)  =  ^rU(x>y)- 

a 


(All) 


Physically,  Eq.  (All)  describes  the  distributed  capacitor  recharge  with  Cs=e0eA/  as  the  capacitance  per  unit  area.  On  the 
other  hand,  the  surface  charge  density  8Ce  is  itself  determined  by  the  currents  in  the  CE  layer  which,  in  turn,  are  driven  by 
the  distribution  of  U(x,y).  To  express  8Ce  in  terms  of  U(x,y),  we  integrate  Eq.  (A5)  across  the  CE  layer: 


a?cE 

dt 


<%CEx  |  ^CE y 

dx  dy  y 


d/2+h 

/ 

d/2 


djcEz 

dz 


ck  =  “V,i  CE  +  J,» 


(A  12); 


where  8Ce=A<Pce>,  icE=^<jcE>  are  average  surface  CE  charge  and  current  density,  correspondingly,  h  is  the  CE  thickness. 
In  Eq.  (All)  we  put jCEz(d/2+h)=0  and jcEz(d/2)=jz(d/2)=jz  due  to  the  current  density  boundary  condition  on  the  CE-LC  inter¬ 
face.  From  Eqs.  (A6),  (AIO)  and  (A1 1)  the  required  equation  follows: 

V\V-p,C.2t  +  p.g,U,  (A13) 

where  pJ=(aCE^)'1  is  the  CE  sheet  resistance,  gs=c/d  is  the  specific  surface  conductance  of  the  CE  layer. 
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ABSTRACT 


We  used  a  combined  approach,  investigating  capacitance,  resistance,  and  electrooptic  reply  of  nematic  liquid  crystals 
within  the  same  experimental  framework,  which  enabled  us  to  plot  the  phase  delay  as  a  function  of  electric  parame¬ 
ters.  Phase  delay  vs.  capacitance  curves  are  almost  linear,  but  the  slope  is  frequency  dependent  for  the  liquid  crystal 
with  the  low-frequency  dispersion  of  the  dielectric  anisotropy.  To  interpret  the  results,  equivalent  electric  parameters 
definition,  consistent  with  the  AC  current  measurement  techniques,  is  presented  and  phenomenological  theory  of  the 
RC-parameters  is  developed.  When  completed  by  the  Ericksen-Leslie  equation  for  the  liquid  crystal  molecules  rea¬ 
lignment  in  the  external  electric  field,  the  theory  is  in  good  agreement  with  the  experiment. 

Keywords:  liquid  crystals,  equivalent  resistance  and  capacitance,  birefringence 

1.  INTRODUCTION 

Recent  applications  of  electrically  controlled  liquid  crystal  (LC)  phase  modulators  in  adaptive  optics'  require 
deeper  insight  in  and  more  accurate  determination  of  their  equivalent  electric  parameters  -  capacitance  C  and  resis¬ 
tance  R.  Particularly,  in  a  novel  adaptive  LC  lens  that  we  proposed2  3,  the  distributed  capacitance  and  conductance  of 
the  LC  layer  have  critical  effect  on  the  lens  focusing  performance. 

Equivalent  capacitance  and  resistance  of  pure  nematic  LC  cells  was  usually  investigated  by  way  of  small-signal 
techniques4'5,  with  the  AC  voltage  about  1  V.  Maze6  used  over-threshold  C-V  curves  for  LC’s  parameters  measure¬ 
ments,  and  Hirabayashi7  demonstrated  correlation  between  capacitance-voltage  and  phase  delay-voltage  characteris¬ 
tics  for  a  nematic  LC.  In  these  experiments,  the  equivalent  resistance  of  the  LC  cell  was  not  taken  into  account.  How¬ 
ever,  depending  on  the  measuring  technique,  the  cell  resistance  may  lead  to  different  interpretations  of  the  experimen¬ 
tal  C-V  curves. 


In  this  paper,  we  introduce  consistent  definition  of  capacitance,  based  on  AC  throughput  current  measurements. 
Experimentally,  we  report  the  results  of  combined  investigations  including  simultaneous  measurements  of  conduc¬ 
tance,  capacitance,  and  electrooptic  reply  in  nematic  LC  cells  with  positive  anisotropy  and  planar  initial  alignment. 
We  studied  nematics  both  with  and  without  low-frequency  inversion  of  initially  positive  anisotropy.  Low  frequency 
inversion  is  particularly  important  in  speeding  up  the  LC  adaptive  systems  by  means  of  dual-frequency  control. 


2.  THEORETICAL 


We  consider  a  LC  material  pure  enough,  so  that  we  can  ignore  free  carrier  currents.  Then  the  total  current  density 
contains  only  displacement  current  component: 


1  <?£>, 
4zr  dt 


(1) 


where  i=x,y,z,  x  and  y  are  the  coordinates  along  the  LC  layer,  and  z  is  the  coordinate  normal  to  the  layer.  When  elec¬ 
tric  field  E  is  directed  along  z-axis,  electric  displacement  is  given  by 

D z  -eE  z,  s  =  e±  cos  2  6  +  £n  sin  2  6  ,  (2) 


where  s±  and  en  are  the  dielectric  tensor  components  normal  and  parallel  to  the  LC  director,  respectively;  0  is  the  di¬ 
rector’s  deformation  angle. 
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From  the  microscopic  viewpoint,  the  permittivity  e  is  determined  by  averaging  individual  molecular  dipoles  over  a 
physically  small  volume.  The  LC  molecules  alignment  is  perturbed  by  the  applied  AC  electric  field.  Then,  according 
to  Eq.  (2),  there  exists  a  twofold  dependence  of  e  on  the  amplitude  and  frequency  of  the  applied  voltage.  The  first 
dependence  is  the  direct  effect  of  the  alignment  of  the  LC  molecules  on  the  dielectric  relaxation.  Rotation  of  a  mole¬ 
cule  around  its  long  axis  contributes  mainly  into  ex  and  is  independent  of  the  nematic  interaction.  As  a  result,  sx 
demonstrates  traditional  Debye-type  relaxation  with  relatively  short  characteristic  times.  On  the  other  hand,  rotation 
around  its  short  axis,  contributing  into  sy,  is  impeded  by  such  interaction,  resulting  in  much  longer  relaxation  times 
(low  frequency  dispersion).  Thus,  in  Eq.  (2)  s  may  depend  on  the  frequency  co  via  Ey  and  ex.  Because  of  the  dielectric 
losses,  these  are  the  complex  quantities:  sY=Ey'+£y",  where  y=±,  ||.  Secondly,  due  to  electrooptic  S-effect  observed  in 
the  positive  anisotropy  LC’s,  £  is  influenced  by  the  LC  molecules  alignment  through  the  director  deformation  an¬ 
gle  0.  For  high  enough  frequencies,  however,  the  deformation  angle  in  nematic  LC’s  lags  behind  the  time  variation  of 
the  electric  field.  Ultimately,  0  depends  only  on  the  rms.  (but  not  instantaneous)  value  of  the  applied  voltage,  so  that 
in  Eq.  (2)  e  also  depends  only  on  the  AC  rms.  voltage.  We  see  that  for  time-dependent  applied  voltage,  dielectric  con¬ 
stant  of  the  nematic  LC  can  be  time-independent,  controlled  only  by  the  voltage  rms.  as  parameter.  This  circumstance 
is  important,  enabling  correct  introduction  of  the  equivalent  electric  parameters  of  the  LC  cell. 


From  Eqs.  (l)-(2),  for  harmonic  temporal  behavior  of  applied  voltage  we  obtain  the  current  density  in  the  form 
(phase  exponents  omitted): 

icoe  „ 

J  (3) 


An 

Integration  across  the  cell  with  jz=const  (charge  conservation)  gives 
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where  I=jJ$  is  the  total  current  amplitude,  C0=S/(4nd)  is  the  so  called  geometric  capacitance  of  the  cell,  S  and  d  are  the 
LC  cell  area  and  thickness,  correspondingly. 


As  we  have  mentioned  before,  the  definition  of  equivalent  parameters  should  reflect  the  experimental  technique 
they  are  measured  with.  Many  experimental  procedures  are  based  on  the  AC  current  measurements  (e.g.,  in  Ref.  7  the 
capacitance  is  measured  by  comparing  the  voltage  drop  across  the  LC  cell  with  that  across  the  known  capacitor). 
Then  the  equivalent  parallel  circuit  conductance  and  capacitance  may  be  defined  in  terms  of  the  real  and  imaginary 
parts  of  the  complex  admittance,  respectively: 


Z~ 1  =—=—+/©  C  ■ 
U  R 


(5) 


Substituting  the  voltage  amplitude  from  Eq.  (4)  into  Eq.  (5)  and  separating  the  real  and  imaginary  parts,  we  find  the 
following  set  of  equations  for  the  parallel  RC-circuit  parameters: 

R  1  d'r2  £"dz 

I  +  {o}RCj  ~  (oC0d  Jl2s'2  +  e"2’ 

coR1C  _  1  dlr2  s’dz  (6> 

1  +  (o)RCj  co  C0d  _)l2  s'2  +  e"2 

To  obtain  explicit  solution  for  R  and  C,  0  vs.  z  dependence  is  to  be  known.  The  latter  can  be  found  from  the  steady- 
state  Ericksen-Leslie's  equation4  and  in  general  case  is  available  only  in  numerical  form. 


Phase  delay  between  extraordinary  and  ordinary  components  of  the  light  wave  passing  through  the  LC  layer  is 
also  determined  by  the  LC  molecules  alignment: 
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where  «y  and  «x  are  refractive  indices  measured  along  and  normal  to  the  LC  director.  Equations  (6)  and  (7)  provide  a 
basis  for  interpretation  of  experimental  results  below. 
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3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 
We  studied  typical  nematic  liquid  crystals  LC1348  and  LC1001,  available  from  NIOPIC  (Moscow).  LC1001  exhibits 
low  frequency  inversion  of  the  anisotropy,  LC1348  has  no  such  inversion. 


To  ensure  the  absence  of  impurity  ions,  we  measured  direct  current  through  the  cell  with  20  V  DC  bias  and  ob¬ 
served  no  exponential  decrease  of  the  current,  which  is  characteristic  for  the  electrolytic  purification4.  On  the  con¬ 
trary,  for  some  samples  the  current  increased  due  to  electric  dissociation,  for  the  others  it  remained  constant.  With 
the  AC  voltage  applied,  the  current  increased  with  the  voltage  amplitude  U  and  its  frequency  co. 


We  used  AC  bridge  circuit  to  measure  the  equivalent  PC-parameters,  with  the  studied  LC  cell  in  one  arm  of  the 
bridge  and  adjustable  capacitor  and  resistor  connected  in  parallel  in  the  other.  A  sinusoidal  generator  was  connected 
across  one  of  the  bridge  diagonals  and  a  selective  millivoltmeter  tuned  to  the  generator  frequency  across  the  other.  It 
was  necessary  to  use  the  selective  millivoltmeter  because  of  the  strong  non-linearity  of  the  LC  current-voltage  charac¬ 
teristic.  The  phase  delay  was  measured  with  the  standard  interferometer  technique. 

(a)  (b) 


Fig.  1.  AC  voltage  dependence  of  the  cell  capacitance  for  (a)  LC1348  and  (b)  LC1001  at  different  frequencies:  + 
0.5  kHz,  ♦  1  kHz,  ■  4  kHz,  •  8  kHz. 


Experimental  C-U  characteristics  for  different  frequencies  /=  co/2n  are  plotted  in  Fig.  1.  For  the  LC1348  with  the 
voltage  passing  over  the  threshold  (about  2  V  for  both  samples),  the  capacitance  increases.  This  is  as  it  should  be, 
considering  the  positive  anisotropy  (ef  >  Sj.')  of  this  crystal.  To  demonstrate  this,  we  simplify  Eqs.  (6)  for  small  and 
large  voltages,  respectively.  Then  for  voltages  below  S-effect  threshold  voltage  Us,  the  LC  director  is  not  realigned, 
and  s=ex.  For  U»Us  the  director  is  everywhere  along  the  field  lines,  except  for  narrow  regions  beside  the  cell  walls, 
giving  E—£(j.  We  also  note  that  for  LC1348  in  the  working  frequency  range,  the  active  reactance  R  is  negligible  as 
compared  to  its  capacitive  reactance  (roC)1,  suggesting  that  e"  is  much  smaller  than  e'.  Then  Eqs.  (6)  yield 


r=(coco£;Y,  c=s'rc0. 


r- 


1  for  U<US 
||  for  U»US' 


(8) 


The  high-voltage  behavior  of  the  capacitance  in  Fig.  lb  corresponds  to  low  frequency  dispersion  of  ef  for 
LC1001.  E|'  falls  off  with  frequency  growth  and  equals  sT  at  approximately  7  kHz.  At  higher  frequencies  the  capaci¬ 
tance  retains  its  pre-threshold  magnitude  since  S-effect  vanishes  at  zero  anisotropy. 


Figure  2  shows  the  cell  equivalent  resistance  R  as  a  function  of  applied  voltage.  Compared  to  the  capacitance,  the 
change  in  resistance  at  the  threshold  transition  is  more  pronounced.  The  ratio  of  the  values  of  R  below  and  above  the 
threshold  is  never  less  than  2  and  exceeds  6  for  LC1348  at  8  kHz,  whereas  the  corresponding  ratio  for  capacitance  is 
never  more  than  2  and  is  less  than  1.4  for  LC  1001.  Thus,  monitoring  capacitance,  and  especially  resistance,  of  an  LC 
cell  can  provide  alternative  method  of  the  threshold  voltage  measurement. 


30 


(a)  (b) 


Fig.  2.  AC  voltage  dependence  of  the  cell  resistance  for  (a)  LC1348  and  (b)  LC1001  at  different  frequencies: 
+  0.5  kHz,  ♦  1  kHz,  ■  4  kHz,  •  8  kHz. 

Electric  quality  Q^aRC,  indicating  the  relative  magnitude  of  the  leakage  current  due  to  the  dielectric  losses,  is 
readily  obtained  from  the  graphs  above.  As  expected,  Q  »  1  for  non-dispersive  LC1348,  and  Q  <  1  for  dispersive 
LC1001  cell.  On  the  other  hand,  we  have  mentioned  before  that  it  is  the  low  frequency  dispersion  that  is  used  for 
speeding  up  LC  modulators  through  dual-frequency  control  techniques.  Our  results  reinforce  the  necessity  of  consid¬ 
ering  the  leakage  currents  for  such  LC  cells. 

According  to  Eqs.  (6)  and  (7),  both  optical  (A<3> )  and  electrical  (R  and  C)  voltage  dependencies  are  caused  by  the 
LC  molecules  alignment.  This  suggests  for  non-dispersive  cells  the  existence  of  a  simple  correlation  between  Ad>  on 

one  hand,  and  R  and  C,  on  the  other  hand.  Beyond  the  dispersion  region,  the  dielectric  losses  are  negligible  and  we 

can  ignore  e"  in  the  denominators  of  both  formulas  (6),  like  we  did  to  arrive  at  Eqs.  (8).  Assuming  also  the  quality 
to RC  to  be  greater  than  unit,  we  obtain 

1  C2  "r2  e"dz  1  1  d?  dz  (9) 

coR  ~  C0d  _JI2  e'2  ’  C  C0d  Jl2  s' 

It  can  be  seen  that  the  angle  dependence  of  the  reciprocal  of  the  capacitance  is  similar  to  this  dependence  of  the 
phase  delay.  Thus,  with  the  voltage  passing  over  the  threshold,  the  capacitance  of  the  cell,  but  not  its  resistance,  must 
repeat  the  phase  delay  as  the  function  of  the  voltage  in  Eq.  (7).  Besides,  the  inverse  of  ©/?  should  be  frequency  de¬ 
pendent  through  s"  even  for  a  non-dispersive  LC.  We  used  data  similar  to  that  in  Figs.  1,  2  and  experimental  A4>  vs. 
U  curves,  shown  in  Fig.  3.,  to  plot  AO  as  a  function  of  C  and  R.  The  results  are  shown  in  Figs.  4  and  5.  For  the 
LC1348  (Fig.  4),  AO  vs.  C  curves  are  almost  linear,  whereas  AO  vs.  aR  relationships  are  more  complicated  and  fre¬ 
quency  dependent.  Contrary  to  Fig.  4,  AO  vs.  C  relationships  for  LC1001  are  more  sensitive  to  the  frequency 
changes,  as  indicated  by  Fig.  5. 

Solid  lines  in  Figs.  1-5  represent  theoretical  fits  from  Ericksen-Leslie  equation  coupled  with  Eqs.  (6),  (7)  for 
^=0.633  pm,  and  d=  25  pm,  15=8  cm2  for  LCI348,  and  d- 5  pm,  5=10  cm2  for  LC1001.  The  elastic  modulus  Kn  was 
found  from  the  threshold  voltage,  the  real  and  imaginary  parts  of  the  dielectric  constants  were  determined  for  each 
frequency  by  fitting  the  theoretical  curves  to  the  experimental  data  at  minimum  and  maximum  applied  voltages.  A 
good  agreement  can  be  seen,  as  the  discrepancies  -within  the  measuring  voltage  interval  are  fairly  small. 

It  is  instructive  to  consider  the  so  called  Cole-Cole  diagram  for  this  cell  which  is  plotted  in  Fig.  6  for  [7=10  V  and 
so  features  the  dispersion  of  ej.  The  portion  of  the  plot  that  forms  a  semicircle  corresponds  to  the  Debye  relaxation. 
However,  there  is  also  present  a  relatively  strong  low  frequency  losses  tail  that  we  attribute  to  energy  dissipation  ac¬ 
companying  the  frequency  realignment  of  the  LC  director  caused  by  the  applied  AC  voltage. 
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Fig.  3.  Phase  delay,  AO,  for  LC1348  (a)  and  LC1001  (b).  Symbols  correspond  to  frequencies  +  0.5  kHz,  ♦  1  kHz,  ■  4 
kHz,  •  8  kHz  (a);  +  0.5  kHz,  ♦  2  kHz,  ■  4  kHz  (b). 


00 


Fig.  4.  Phase  delay,  AO,  for  LC1348  as  a  function  of  (a) 
cies:  +  0.5  kHz,  ♦  1  kHz,  ■  4  kHz,  •  8  kHz. 


(b) 


R*f,  kHz*  M  Q 


cell  capacitance  and  (b)  cell  resistance  at  different  frequen- 


4.  SUMMARY 

We  measured  both  RC  parameters  and  phase  delay  in  pure  LC  cell  for  AC  voltages  up  to  20  V.  We  demonstrated  that 
RC  parameters  can  be  useful  for  providing  information  about  phase  delay.  In  particular,  C-U  plots  follow  closely  the 
non-linear  AO  vs.  U  dependencies.  Alternatively,  R-U  plots  enables  more  precise  determination  of  the  threshold  volt¬ 
age  of  electrooptic  S-effect,  and  saturation  voltage  for  AO.  The  latter  dependencies  are  also  self-important  as  they 
affect  stability  and  the  speed  of  adaptive  optics  systems  based  on  the  LC  modulators. 
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Fig.  5.  Phase  delay,  Ad),  for  LC1001  as  a  function  of  (a)  cell  capacitance  and  (b)  cell  resistance  at  different  frequen¬ 
cies:  +  0.5  kHz,  ♦  2  kHz,  ■  4  kHz. 


Fig.  6.  Cole-Cole  diagram  for  LC1001.  Numbers  besides 

the  labels  are  AC  voltage  frequencies  in  kHz.. 
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ABSTRACT 

A  novel  algorithm  of  compensation  for  repetitively-pulsed  laser  beam  wandering  at  propagation  paths,  caused 
by  the  atmospheric  turbulence  and  mirror  vibrations  has  been  proposed  and  verified  in  experiments  with  a  TE-C02 
laser.  The  algorithm  is  based  on  the  precise  temporal  control  of  triggering  each  of  the  TE-laser  pulses  at  the  moments 
when  the  auxiliary  probe  cw-laser  beam  modified  by  a  modal-type  adaptive  optics  system  and  having  exactly  the  same 
wavefront  profile,  as  the  pulsed  radiation,  hits  the  remote  object  (retroreflector  in  the  pre-set  point  at  the  path  exit)  by 
its  brightest  speckle. 


1.  INTRODUCTION 

It  is  well  known  that  during  propagation  of  radiation  of  a  high  power  repetitively-pulsed  laser  along  an  extended 
near-land  atmospheric  range  the  initial  optical  quality  of  a  beam  is  deteriorated  by  the  action  of  turbulence  and 
thermal  blooming.  In  turn,  the  initial  quality  of  the  beam  at  the  laser  output  is  degraded  by  internal  distortions  within 
the  laser  caused  by  gas  flow  inhomogeneities,  acoustic  waves  etc.  It  is  known  that  both  the  atmospheric  distortions  and 
phase  distortions  within  the  optical  train  of  lasers  can  be  corrected  to  some  extent  by  using  adaptive  optics  techniques 
or  phase  conjugation1"3.  As  for  adaptive  optics,  its  application  for  correction  of  distortions  inherent  in  repetitively- 
pulsed  lasers  is  limited  by  a  relatively  slow  response  time  of  existing  adaptive  mirrors  (milliseconds),  finite  number  of 
actuators  (hundreds),  system  complexity  and  cost.  In  turn,  phase  conjugation  techniques  are  capable  of  compensating 
fast  and  small-scale  distortions  within  the  laser,  because  their  time  response  is  much  faster  (up  to  nanoseconds)  and 
spatial  resolution  is  limited  usually  only  by  the  field  of  view  of  a  laser  amplifier.  However,  application  of  phase 
conjugation  techniques  to  the  task  of  atmospheric  correction  encounters  serious  difficulties  connected  with  a  too  low 
energy  level  of  the  coherent  signal,  reflected  from  the  remote  object,  and  the  necessity  to  have  a  very  high  gain  of  the 
system  comprising  a  laser  amplifier  and  a  phase  conjugate  mirror  (109-10,c  and  more).  Thus  separate  use  of  the 
adaptive  optics  or  nonlinear  phase  conjugation  techniques  can  be  hardly  efficient  if  there  is  a  necessity  to  compensate 
simultaneously  for  phase  distortions  in  the  turbulent  atmosphere  and  in  the  optical  train  of  the  repetitively-pulsed 
laser. 

We  propose  an  algorithm  of  compensation,  further  reffered  as  a  “bright-speckle  algorithm”,  which  is  based  on  the 
use  of  the  both  concepts: 

•  modal-type  adaptive  optics  to  compensate  for  relatively  slow  atmospheric  distortions  by  measuring  the  intensity  of 
an  auxiliary  low-power  cw-laser  beam,  reflected  from  the  object,  which  intensity  reaches  its  maximum  when  the 
brightest  speckle  of  the  cw-laser  beam  covers  the  point-wise  object; 

•  nonlinear  phase  conjugation  to  control  the  wavefront  profile  of  a  high-energy  repetitively-pulsed  radiation,  to 
adjust  this  profile  to  that  of  the  cw-probe  beam  at  the  entrance  of  the  atmospheric  path,  and  to  compensate  for  fast 
distortions  and  vibrations  inside  the  amplifier. 
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This  separation  of  compensation  techniques  by  a  time  scale  of  typical  distortions  can  allow,  in  our  opinion,  to 
make  use  of  advantages  of  the  both  correction  methods,  to  relax  requirements  for  the  reflected  signal  level  and  to  make 
a  system  as  a  whole  less  complicated  and  expensive. 

In  this  paper,  the  bright-speckle  algorithm  is  considered  in  more  detail  and  is  verified  in  simple  model 
experiments  as  applied  to  the  first-order  wedge-like  distortions  (beam  turbulent  wandering  and  jitter),  but  basically  it 
can  be  implemented  in  more  sophisticated  adaptive  optics  systems  as  well. 

2.  CONCEPT  OF  THE  ALGORITHM  PERFORMANCE 

The  algorithm  performance  is  illustrated  in  Fig.l.  The  system,  shown  in  the  figure,  consists  of  a  cw-probe  and 
TEA-repetitively-pulsed  laser  modules,  which  are  placed  in  a  common  resonator,  a  repetitively-pulsed  preamplifier 
and  high-power  double-pass  amplifier  with  a  phase  conjugate  mirror  (PCM),  scanning  mirrors,  a  beam  director 
telescope,  an  atmospheric  path,  a  reflecting  object  (shown  as  a  triple-prism),  a  detector  for  measuring  the  energy  of  the 
reflected  probe  beam,  and  a  system  for  controlling  the  moments  of  triggering  the  amplifiers. 

The  system  operates  as  follows.  In  the  searching  mode,  only  the  cw-probe  laser  module  operates  in  the  “dual-mode 
resonator”  and  a  part  of  its  radiation,  reflected  by  the  coupling  plate,  is  directed  to  the  atmospheric  path  via  the 
scanning  mirrors,  beam  expanding  telescope,  and  then  is  focused  onto  the  object  triple-prism  of  about  1/4  diffraction 
size.  The  energy  of  the  probe  radiation,  reflected  from  the  triple-prism,  is  measured  by  a  high-sensitive  detector  with  a 
collecting  lens,  which  is  placed  in  the  vicinity  of  a  transmitting  equipment.  The  probe  beam  is  continuously  scanned 
over  the  object  plane  by  a  system  of  two  mirrors,  oscillating  in  a  prescribed  fashion  in  mutually  perpendicular  planes 
(frames  and  lines).  In  this  case,  the  reflected  signal  is  modulated  in  intensity  (see  the  left  bottom  in  Fig.  1)  with  a  line 
frequency,  and  high-amplitude  peaks  correspond  to  the  moments  when  the  beam  spot  passes  the  object  triple-prism  by 
its  bright  speckles.  The  scanning  system  parameters  can  be  chosen  from  data  on  average  variation  rates  and  typical 
values  of  wedge-like  distortions,  caused  by  the  atmospheric  turbulence  (up  to  10  Hz  and  ±2(MD),  respectively). 

To  choose  properly  the  amplifier  triggering  time,  which  must  correspond  to  the  moment  when  the  brightest 
speckle  of  the  probe  radiation  spot  covers  the  object,  it  is  necessary  to  have  at  least  one  calibration  frame  before  the 
operation  one,  to  read  out  the  amplitudes  of  all  of  the  reflected  signal  peaks  and  to  select  the  maximum  one.  When  the 
same  amplitude  is  obtained  in  the  subsequent  operation  frame  (or  somewhat  smaller  to  make  the  system  more 
reliable),  the  pulsed  TEA  module  in  the  dual-mode  resonator,  preamplifier,  and  final  amplifier  are  triggered.  The 
pulse  radiation  of  the  dual-mode  laser  is  emitted  from  tire  same  resonator  as  the  probe  cw-radiation,  their  wavefront 
profiles  being  precisely  coincident  and,  therefore,  the  beam  of  the  pulsed  radiation  will  also  cover  the  object  by  its 
brightest  speckle. 

A  part  of  the  pulsed  radiation  of  the  dual-mode  laser,  reflected  by  the  coupling  plate  (polarizer)  to  the  right  (see 
Fig.l),  is  amplified  in  the  high-power  double-pass  amplifier  with  the  phase  conjugation  mirror  and  propagates  to  the 
object.  Phase  conjugation  ensures  compensation  for  vibrations  and  errors  of  intermediate  optical  components  and  fast 
phase  distortions  in  the  gas-flow  amplifier  medium.  Another  part  of  the  dual-mode  laser  radiation  after  amplification 
in  the  preamplifier  is  used  for  pumping  the  PCM,  based  on  degenerate  four-wave  mixing. 

Each  of  the  successive  pulses  in  the  repetitively  pulse  mode  is  triggered  at  the  moment  of  hitting  the  triple-prism 
by  the  brightest  speckle  of  the  cw-laser  radiation,  which  is  random  to  a  certain  extent,  so  the  sequence  of  pulses 
becomes  somewhat  nonequidistant.  The  important  element  in  the  system  operation  is  the  detector  unit,  which,  in  fact, 
is  an  analogous  electronic  device  ensuring  detection  of  signals,  their  processing  and  controlling  the  algorithm 
operation.  In  addition,  this  unit  is  intended  for  excluding  the  amplifiers  triggering  if  the  reflected  signal  of  the 
required  amplitude  was  not  obtained  as  well  as  for  protecting  the  high-sensitive  detector  when  the  high-power  pulsed 
radiation  comes  from  the  object.  The  latter  function  is  provided  by  synchronous  blocking  the  reflected  signal. 


In  this  paper  we  consider  in  more  detail  the  results  of  model  experiments  (without  amplifiers),  aimed  at 
verification  of  the  bright-speckle  algorithm  as  well  as  at  testing  its  key  components:  the  dual-mode  laser  and  the 
analog  unit,  controlling  the  system  operation  by  the  reflected  signal. 

3.  EXPERIMENTAL  SET-UP 

An  optical  schematic  of  the  experimental  set-up  is  shown  in  Fig.2.  The  main  units  and  their  performance  are 
similar  to  those  discussed  above.  Therefore,  we  briefly  note  only  the  main  features  of  the  experiment.  The  algorithm 
has  been  verified  at  a  short-length  (L=120  m  in  two  passes  with  an  intermediate  mirror)  inclined  atmospheric  path.  As 
the  beam  distortions  at  the  path  were  fairly  small,  we  had  to  develop  a  special  imitator  to  simulate  the  beam  speckling, 
which  was  a  four-segment  plane  mirror  with  variable  (up  to  7J2)  piston  shifts  between  the  segments,  brought  in  by 
piezoceramic  actuators  (see  Fig.3).  A  single  beam,  impinged  symmetrically  four  or  two  segments,  was  splitted  down  in 
the  far  field  into  the  corresponding  number  of  spots  with  variable  intensities  (imitating  the  speckles). 

The  beam  of  a  0.5  atm-pulsed  TE  CO2  laser  with  a  repetition  rate  of  10-15  pps  and  a  pulse  energy  up  to  several 
Joules  was  stabilized,  and  a  cw-low  pressure  TE  C02  laser  of  about  lOOW-power  was  used  as  a  source  of  the  probe 
radiation.  These  laser  modules  were  placed  in  the  common  stable  resonator  with  a  length  of  about  34  m  and  a  Frensel 
number  close  to  1  and  formed  a  dual-mode  laser.  Instead  of  a  totally  reflecting  mirror  the  resonator  comprised  a  so- 
called  “cat-eye”  reflector4,  which  significantly  simplified  the  cavity  alignment  and  enhanced  the  beam  axis  stability. 
The  beams  of  cw  and  pulsed  radiation  (when  the  gain  modules  operated  separately)  had  the  same  near-Gaussian 
intensity  profile,  and  their  angular  divergence  corresponded  to  the  diffraction  limit.  The  dual-mode  operation  gave  rise 
to  certain  specific  features  of  lasing  in  both  modules.  After  a  pulse  ceased,  the  cw-oscillation  was  blocked  during  about 
200  jj.s,  and  then  recovered  for  300-400  ps  with  pulsations,  because  of  the  action  of  inhomogeneities  in  the  pulsed 
active  media  (this  time  was  the  “dead  time”  for  the  system  operation,  see  the  oscillogram  in  Fig. 4).  The  time  behavior 
of  the  radiation  from  the  pulsed  module  (about  several  microseconds),  in  turn,  became  almost  smooth  in  the  presence 
of  the  cw-oscillation,  which  was  evidence  of  a  spectral  selection  similar  to  that  which  takes  place  in  hybrid  C02 
lasers5. 

A  key  prerequisite  of  the  bright-speckle  algorithm  performance  is  the  precise  coincidence  of  the  wavefront  profiles 
of  the  probe  and  operation  beams.  It  was  tested  by  recording  and  comparing  their  spot  patterns  at  various  points  along 
the  optical  path  when  the  speckle  imitator  was  switched  on.  For  any  mode  of  the  imitator  operation  (see  Fig.3  in  the 
bottom),  the  spot  patterns  of  the  pulse  and  cw-radiation  were  always  exactly  the  same. 

In  addition  to  the  dual-mode  laser  and  speckle  imitator,  the  optical  scheme  of  the  experiment  included  the 
following  elements  (see  Fig.2): 

•  two  oscillating  mirrors,  which  provided  the  beam  scanning  in  vertical  (frame)  and  horizontal  (line)  planes  with 
frequencies  of  3 1  and  3 10  Hz,  respectively  within  a  frame  with  angular  size  of  ~6(M)); 

•  a  mirror  telescope,  which  expanded  the  output  beam  of  the  dual  mode  laser  before  it  left  the  path  up  to  diameter 
D~100  mm  and  focused  the  beam  onto  the  triple-prism,  placed  inside  the  laboratory  at  the  end  of  the  path; 

•  an  object  triple-prism  limited  by  the  aperture  with  diameter  (V2D)xL=6  mm,  and  systems  for  measuring  the 
emitted  and  delivered  energy  of  the  repetitively-pulsed  radiation  (wedges  1,2,  detectors  D2,  D3)  and  for  recording 
the  number  of  hits  of  the  radiation  at  the  triple-prism  (a  mirror  diaphragm  010  mm  and  a  thermosensitive  disk 
350  mm  in  diameter  rotating  at  a  velocity  of  20  rps,  with  4-fold  reduction  imaging  optics); 

•  a  measuring  unit,  which  processed  the  radiation  of  the  probe  cw-laser  reflected  by  the  triple-prism  and  controlled 
the  repetitively-pulsed  TE  module  triggering  at  the  moments  when  the  reflected  energy  achieved  its  maximum  (the 
brightest  speckle  was  on  the  triple-prism). 

The  reflected  signal  was  measured  within  the  angle  of  view  of  the  main  optical  path  by  splitting  a  part  of  the 
reflected  energy  by  wedge  2  and  collecting  the  signal  onto  high-sensitive  HgCdTe  photodetector  Dl.  The  operation  of 
the  analog  controlling  unit  was  considered  above.  Note  here  that  a  fast  rotating  disk  with  holes  was  placed  as  a 


chopper  in  front  of  the  photodetector,  and  the  detector  was  opened  only  when  the  reflected  pulsed  radiation  could  not 
hit  it.  Typical  time  sweeps  of  the  measured  reflected  signal  are  illustrated  in  Fig.5.  Separate  peaks  within  a  line  (see 
Fig.  5b,  c)  correspond  to  the  pulses  transmitted  by  the  chopper.  It  is  seen  that  pulse  trains  were  different  in  the  cases  of 
a  single  and  two-speckle  spots.  The  speed  of  disk  rotation  could  be  varied,  that  enabled  variation  of  the  duration  and 
number  of  peaks  within  every  line.  The  threshold  level  of  the  pulsed  laser  triggering  could  also  be  varied  from  0.7  to 
0.95  of  the  maximum  signal  measured  in  the  calibration  frames  preceding  the  operation  ones. 

4.  MAIN  RESULTS  AND  DISCUSSION 

The  considered  model  experiments  were  aimed  at  the  first  verification  of  the  laser  beams  stabilization  algorithm 
and  its  key  components.  Nevertheless,  the  obtained  results,  which  are  presented  below,  appeared  to  be  rather 
instructive  and  promising.  The  beam  stabilization  was  proved  by  measuring  the  probability  of  hitting  the  triple-prism 
by  repetitively-pulsed  beam  spots  (or  their  brightest  speckles)  and  by  the  efficiency  of  the  radiation  delivery.  Typical 
static  patterns  of  the  two-speckle  and  single  spots  (the  imitator  was  on  or  off,  respectively)  at  the  plane  in  front  of  the 
mirror  diaphragm  are  illustrated  in  Fig  6a.  Similar  patterns,  but  obtained  after  reflection  from  the  mirror  diaphragm 
are  shown  in  Fig.6b,c.  White  circular  “holes”  on  the  spots  correspond  to  the  10  mm-mirror  diaphragm  diameter  (a 
part  of  energy  passing  through  it  hits  the  triple-prism),  and  smaller  6  mm-circles,  coaxial  to  the  former  ones,  are 
drawn  in  the  figure  to  point  the  triple-prism  position  and  size.  Thus,  those  cases  can  be  assumed  as  good  hits  when  the 
spot  (or  its  brightest  speckle  in  the  two-speckle  case)  completely  covers  these  circles.  It  corresponds  to  the  maximum 
deviation  of  the  beam  not  exceeding  +L/2D  (or  1/4  of  the  diffraction  angle).  The  patterns  of  a  such  kind  are  shown  in 
Fig.6b. 

Typical  sweep  traces  of  radiation  spots,  obtained  in  a  repetitively-pulsed  mode  on  the  rotating  disk  with  and 
without  the  speckle  imitator,  are  shown  in  Fig. 7b, d  and  Fig.7a,c  respectively.  The  upper  traces  (a,  b)  correspond  to  the 
case  when  the  stabilization  algorithm  was  switched  off.  It  is  clearly  seen  that  only  occasional  radiation  spots  cover  the 
white  holes.  The  spots  are  positioned  randomly  (within  the  scanning  range)  on  each  side  of  the  large-diameter  circle, 
which  corresponds  to  the  trajectory  of  the  image  of  the  triple-prism  center  on  the  rotating  disk.  On  the  contrary,  when 
the  stabilization  algorithm  was  switched  on  100%  percent  of  the  spots  covered  the  triple-prism,  as  it  is  seen  from  the 
lower  traces  in  Fig  7c,  d.  Note  that  during  a  burst  (of  5-10  s  duration)  the  rotating  disk  was  able  to  make  a  large 
number  of  full  revolutions,  hence  the  positioning  of  spots  in  azimutal  direction  is  random  in  the  figure. 

The  probability  of  hitting  and  the  efficiency  of  the  repetitively-pulsed  radiation  delivery  were  estimated 
quantitatively  as  well.  Fig.8  shows  typical  fragments  of  trains  of  negative  pulses  corresponding  to  an  energy  emitted 
and  delivered  in  each  pulse  of  the  same  bursts  by  detectors  D2  and  D3  respectively  (see  Fig.2).  These  sweeps  were 
obtained  when  imitating  a  dual-speckle  spot  with  and  without  switching  on  the  stabilization  algorithm  (the  left  and 
right  ones,  respectively).  The  amplitudes  in  the  sweeps  are  expressed  in  arbitrary  units.  It  is  seen  that  in  the  mode  of 
stabilization,  each  of  the  emitted  pulses  corresponds  to  the  delivered  one  (9  signs  "+"  in  the  left  sweeps).  The  pulses 
were  not  equidistant  which  is  evidence  of  the  external  control  of  the  laser  triggering.  When  the  stabilization  algorithm 
was  off,  the  delivered  pulses  were  typically  of  smaller  amplitudes  or  absent  at  all.  When  processing  the  results  (see 
Fig.8b),  we  considered  only  those  pulses  as  “hits”  (signs  “+”  in  the  figure),  which  amplitudes  (energies)  exceeded  the 
e'1  level  of  the  maximal  value,  obtained  for  the  precise  static  hitting.  The  gain  in  the  number  of  hits  in  the  fragment, 
shown  in  the  figure,  is  4.6-fold. 

The  most  proper  parameter  to  verify  the  beam  stabilization  is  the  achievable  gain  in  energy,  delivered  onto  the 
object  (the  triple-prism)  in  a  burst  of  pulses.  A  computer  processing  of  the  measured  results  was  done  to  estimate  the 
delivery  efficiency.  The  processing  involved  (see  Fig.8c)  summarizing  the  delivered  and  emitted  energy  over  pulse 
trains,  calculating  a  delivery  ratio  DEL  (as  a  ratio  of  the  mentioned  sums)  and  a  delivery  efficiency  Eff,  defined  as 
DEL  normalized  to  the  best  static  value  of  DEL  observed.  The  gain  in  the  delivery  efficiency,  achieved  due  to  using 
the  algorithm  in  the  fragment  shown  in  Fig.  8,  was  4.8-fold.  The  results  obtained  from  processing  a  large  number  of 


experimental  bursts  show,  that  the  bright-speckle  algorithm  was  capable  of  providing  on  the  average  the  15-20-fold 
gain  in  the  number  of  hits  and  5-6-fold  gain  in  the  delivery  efficiency  for  two-speckle  spots. 

The  experimental  results  presented  above  prove  that  the  bright-speckle  algorithm  can  be  considered  as  a  simple 
and  reliable  way  of  stabilizing  a  repetitively-pulsed  laser  beam  against  wedge-like  distortions.  Recently,  the  first 
encouraging  results  have  also  been  obtained  when  using  the  algorithm  in  a  fiill-scale  optical  scheme  including  a  high- 
power  repetitively-pulsed  C02  amplifier.  The  experiments  have  been  performed  at  an  indoor  range  with  imitating  the 
strong  turbulent  wandering  and  speckling.  At  present,  we  also  have  at  our  disposal  the  completely  developed  phase 
conjugate  mirrors,  based  on  both  conventional  four-wave  mixing6  and  on  a  loop-type  self-phase  conjugation7.  Thus,  all 
the  components  as  well  as  the  required  experience  have  been  accumulated  to  continue  the  algorithm  investigations  at  a 
real  near-land  atmospheric  path  of  2-3  km  in  length.  We  believe,  that  incorporation  into  the  optical  schematic  of  a 
more  sophisticated  modal-type  adaptive  system  will  allow  to  compensate  using  the  bright-speckle  algorithm  not  only 
wedge-like  distortions  but  the  distortions  of  higher  orders  in  atmospheric  propagation  paths. 
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IMITATOR 


Fig.  2.  Optical  schematic  of  the  experimental  set-up. 
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Fig.3.  General  wiew  of  the  imitator  of  distortions  (a)  and  typical  patterns  of  radiation  spots  at  various 
beam  positions  on  the  segmented  mirror  (b)  and  various  voltages  between  two  segments  (c). 
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Fig.4.  Typical  oscillogram  of  the  dual-mode  laser  output  radiation  at  joint  action  of  the  pulse  and  cw-sections. 
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Fig.5.  Typical  traces  of  reflected  signals  during  system  operation  at  low-resolution  (a)  and  high-resolution  (b,c) 
time  scales  obtained  without  the  imitator  (b)  and  with  simulating  a  two-speckle  spot  (c). 


Fig6.  Typical  patterns  of  pulse  radiation  spots  on  the  mirror  diaphragm  (a)  and  after  reflection  from  it  (b,c) 
in  cases  of  presice  (b)  and  bad  (c)  hitting  the  triple-prism. . 
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Fig.7.  Typical  sweep  traces  of  radiation  spots,  obtained  in  a  repetitively  pused  mode  on  the  rotating  disk  without 
stabilisation  (a,b)  and  with  the  use  of  the  blight-speckle  algorithm  (c,d).  In  cases  (a,c)  the  imitator  of  speckles  was 
switched  off,  in  cases  (b,d)  two-speckle  spots  were  simulated.  General  views  of  disks  are  shown  in  the  figure  in 
inner  areas  of  each  of  four  fragments,  and  all  the  spot  patterns  are  magnified  in  outer  areas. 
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Fig.  8.  Typical  trains  of  emitted  and  delivered  pulses  (a),  and  procedures  of  processing  the  data  for  estimating  gains 
in  probability  of  hitting  the  triple-prism  (b)  and  delivery  efficiency  (c),  obtained  at  using  the  beam  stabilisation. 
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ABSTRACTS 

Proposed  is  the  novel  method  of  dynamic  nonlinear-optical  correction  for  distortions  in  wide  spectral  band.  The  method  is 
based  on  combining  of  the  negative  optical  feedback  correction  and  dynamic  holography  correction  in  the  system,  using 
optically  addressed  phase  modulators.  State-of-the-art  of  key  technologies  is  evaluated. 

Keywords:  negative  optical  feedback,  dynamic  holography,  optically  addressed  liquid  crystal  modulator,  dynamic 
holographic  converter. 


1.  BACKGROUND  AND  STATE-OF-THE-ART 

1  2  3 

In  mid-80es  there  was  proposed  and  realized  in  several  experiments  '  the  scheme  of  the  nonlinear-optical 
correction  for  distortions  of  optical  radiation  wavefront,  using  the  optically  addressed  spatial  phase  modulator,  introduced 
into  the  negative  optical  feedback  (NOF)  loop  (see  Fig.  1). 

In  such  a  scheme  the  probe  beam  of  radiation  of  the  auxiliary  laser  source  passes  via  the  aberrated  optical  beamlet 
and  through  the  layer  with  the  controlled  optical  thickness  (the  layer  of  liquid  crystal,  LC,  in  the  optically  addressed 
spatial  light  modulator,  SLM4).  The  optical  thickness  of  this  layer,  i.e.  phase  retardation  of  the  probe  beam,  depends  on  the 
intensity  of  controlling  optical  signal  coming  to  the  corresponding  zone  of  photoconductor  of  the  SLM.  In  our  case  such  a 
signal  is  the  interference  pattern  of  the  probe  beam  with  the  coherent  and  coaxial  nondistorted  reference  beam.  So  in  the 
system  there  is  realized  the  optical  feedback.  In  the  case  of  appropriate  phase  shift  between  the  probe  and  reference  beams 
this  feedback  reveals  itself  as  the  negative  feedback,  and  the  system  as  a  whole  drifts  to  the  state,  in  which  the  wavefront 
distortions,  imposed  by  the  induced  relief  of  optical  thickness  of  LC  layer,  add  approximately  to  those  imposed  by  the 
aberrated  beamlet  and  thus  correct  for  them.  Note,  that  such  a  corrector  works  not  only  at  the  wavelength  of  the  auxiliary 
probelaser  source,  but  can  be  (with  the  accuracy  of  spectral  dispersion  of  the  LC  refraction  index)  used  across  the  overall 
spectral  range  of  LC  transparency. 

The  basic  limitation,  preventing  this  technique  use  for  practical  purposes  is  the  so  called  27t-problem  (see  Fig.2). 
In  any  scheme  of  output  signal  stabilization,  using  the  negative  feedback,  the  maximal  magnitude  of  the  error  corrected  is 
limited  by  the  width  of  monotonous  range  of  variation  of  the  signal,  used  for  the  control  of  actuator  with  this  error 
variation.  In  our  case  the  control  signal  is  produced  by  the  dual  beam  interference  in  the  Michelson,  Mach-Zander  etc. 
interferometer.  Correspondingly,  the  range  of  monotonous  variation  of  the  intensity  at  the  output  of  such  an  interferometer 
vs.  relative  phase  shift  between  the  reference  and  probe  wave  (i.e.,  the  magnitude  of  the  corrected  distortion  of  wavefront) 
can  not  exceed  the  wavelength  of  the  auxiliary  laser  source  radiation. 

In  the  case  of  larger  distortions,  exceeding  these  limits,  the  aperture  of  the  corrector  splits  into  several 
independent  domains  with  the  abrupt  phase  shift  at  the  edge.  Such  a  system  is  not  stable,  the  acute  edges  of  the  domains 
result  in  significant  diffraction  losses  of  radiation.  But  the  most  important  disadvantage  is  that  the  regions  of  the  corrected 
wavefront,  corresponding  to  different  domains,  obtain  the  relative  phase  shift  in  several  wavelengths.  Such  a  “broken” 
corrector  can  be  efficiently  used  not  in  the  whole  range  of  LC  transparency,  but  only  in  the  rather  narrow  spectral  zone 
AX«X . 
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Fig.l.  Usual  scheme  of  NOF-correction  for  distortions 
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in  the  corrector  for  small  (left)  and  large  (right)  magnitudes  of  distortions. 


There  are  several  possibilities  of  the  system  performance  improvement  so  as  to  enlarge  the  range  of  magnitudes  of 
the  corrected  distortions  with  the  preservation  of  wide  spectral  range  of  the  corrected  radiation  wavelengths.  For  example, 
some  improvement  can  be  obtained  just  by  enlargement  of  the  auxiliary  laser  source  radiation  wavelength.  However,  the 
significant  shift  to  the  mid-IR  range  of  spectrum  (several  microns)  is  limited  by  the  reduce  of  LC  media  transparency  and 
by  the  lack  of  sensitive  photoelectric  media. 

D.M.Pepper5  has  suggested  to  use  the  spectrum-zonal  approach.  One  can  split  the  spectral  range  of  correction  into 
several  narrow  ranges  and  to  use  separate  corrector  for  each  of  these  ranges.  This  approach,  however,  is  very  complicated 
and  results  in  significant  energy  losses  due  to  the  necessity  of  complicated  spectral  separation. 

2.  INTERFEROMETER  WITH  THE  ENCOARSED  SENCITIVITY 

Recently  we  have  proposed6  another  approach  to  this  problem  solution,  which  seems  now  to  be  the  most 
prospective.  The  simple  dual  beam  interferometer,  forming  the  NOF  signal  in  the  discussed  schematics,  can  be  replaced  by 
the  sophisticated  interferometery  scheme,  in  which  the  variation  of  the  output  intensity  from  minimum  to  maximum  will 
be  smooth  and  monotonous  along  the  phase  shift  range,  whose  magnitude  equals  several  wavelengths  of  probe  radiation. 

Such  an  interferometer  can,  in  particular,  implement  the  following  property  of  the  thin  (plain,  non-Bragg) 
dynamic  hologram  (Fig.3).  Let  us  record  such  a  hologram  as  the  interference  pattern  of  the  nondistorted  plain  wave  and 
probe  wave  with  some  phase  modulation  of  its  wavefront  (both  waves  have  the  wavelength  A,]).  Let  us  then  reconstruct  this 
hologram  at  the  shifted  wavelength  X2.  In  this  case  we  shall  obtain  the  reconstructed  probe  wave  with  the  phase 
modulation  of  its  wavefront,  equal  to  that  of  the  primary  probe  wave,  measured  in  terms  of  wavelength  of  radiation.  I.e., 
the  reconstructed  probe  wave  would  have  the  phase  modulation  of  its  wavefront,  scaled  in  the  ratio  (X2/X] )  with  the  respect 
to  that  of  primary  probe  wave.  The  use  of  this  feature,  in  particular,  makes  it  possible  to  obtain  the  mutually  coherent  light 
beams  with  the  similar,  but  scaled  wavefront  distortions,  which  can  be,  in  turn,  used  in  the  above  mentioned  sophisticated 
interferometer. 

3.  NOF  CORRECTION  SCHEMATICS  FOR  THE  EXTENDED  RANGE  OF  DISTORTIONS 

One  of  variants  of  the  NOF-correction  schematics6,  using  the  interferometer  with  the  reduced  sensitivity  and  the 
extended  range  of  the  output  signal  monotonous  behavior,  is  shown  in  the  Fig.4. 

In  this  case  the  auxiliary  laser  system  has  to  emit  the  radiation  at  two  wavelengths  X  and  X,\  the  difference  of 
these  wavelengths  has  to  be  small:  AX  =  X  -  X’  =  X  /  m  «  X,\';  m  »  1.  The  probe  beams  at  both  wavelengths  read  out 
the  wavefront  distortions,  imposed  by  the  aberrant  beamlet  and  momentary  profile  of  the  corrector.  Than  the  probe  beam  at 
the  wavelength  X'  interferes  with  the  coherent  nondistorted  reference  beam  in  the  medium,  providing  recording  of  the  thin 
dynamic  hologram.  This  hologram  is  read  out  by  another  reference  beam  at  the  wavelength  X  and  reconstructs  the 
distorted  probe  beam  with  the  scaled  distortions.  This  beam  is  combined  coaxial  with  the  distorted  probe  beam  at  the  same 
wavelength.  The  intensity  in  the  interference  pattern  of  these  two  beams  varies  monotonously  from  minimum  to  maximum 
at  the  range  of  phase  shifts,  imposed  by  the  aberrant  beamlet  and  corrector,  m  times  exceeding  that  in  usual  scheme  and 
thus  providing  the  possibility  of  their  correction.  As  to  the  medium  for  recording  of  the  thin  dynamic  hologram,  the 
optically  addressed  LC  SLM,  similar  to  that  used  as  NOF-corrector,  seems  to  be  the  most  promising  medium  . 

However,  this  schematics  is  not  the  best  one.  The  main  limitation  is  that  in  this  case  one  has  to  organize  several 
paths,  where  propagate  light  beams  with  the  significantly  distorted  wave  front  (darkened  in  the  Figure),  and  the 
information  on  these  distortions  is  to  be  preserved  in  rather  precise  manner.  In  practice  it  means  the  necessity  to  use  the 
various  methods  of  optical  relay  and  thus  in  extra  sources  of  energy  losses  and  of  the  extra  errors. 

There  are  possible  other  optical  schematics,  based  on  the  same  principles.  One  of  such  schematics  is  shown  in  the 
Fig.5.  In  this  case  the  dynamic  hologram  is  recorded  by  the  distorted  wave  and  reference  wave  at  one  wavelength  and 
reconstructed  by  the  distorted  wave  at  another  wavelength,  producing  thus  directly  the  wave  front  with  the  reduced 
(scaled)  distortions.  Such  an  element  can  be  called  the  dynamic  holographic  converter  of  the  distortions’  scale.  In  this  case 
the  propagation  of  the  severely  distorted  wave  front  is  limited  by  only  one  path.  Such  a  system  is  also  simpler  and  has  the 
smaller  number  of  the  elements. 
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Fig.3.  Writing-in  of  the  thin  dynamic  hologram,  its  reconstruction 
on  two  wavelengths  and  scaling  of  wavefront  distortions 


Fig.4.  The  use  of  interferometer  with  the  encoarsed  sensitivity  in  the  scheme  of  NOF-correction.  Dark  region  corresponds 

to  the  path  of  strongly  distorted  beams. 
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Fig.5.  Improved  NOF-correction  schematics,  using  the  dynamic  holographic  converter.  Dark  region  corresponds  to  the 

path  of  strongly  distorted  beams. 


Fig.6.  Spatial  distribution  of  the  gaussian  beam  after  the  self-action 
in  the  OA  LC  SLM,  mounted  between  two  polarizers. 
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4.  LC  SLM  ELEMENTS  WITH  DEEP  PHASE  MODULATION 


The  proposed  schematics  requires  the  experimental  feasibility  study.  As  we  have  said  already,  there  are  possible 
several  variants  of  the  interferometer  with  the  reduced  sensitivity;  one  has  to  choose  the  optimal.  Even  more  important 
seems  to  be  the  problem  of  residual  non-corrected  error.  Similarly  to  any  schematics  of  stabilization  ,  using  the  negative 
feedback,  the  point  of  dynamic  equilibrium  of  the  system  is  somewhat  shifted  with  respect  to  the  minimal  error  signal.  In 
our  case  it  means,  that  the  profile  of  the  dynamic  corrector  does  not  completely  correspond  to  the  profile  of  the  distortions, 
imposed  by  the  aberrant  beamlet. 

The  magnitude  of  the  residual  distortions  of  the  output  wavefront,  imposed  by  the  summaiy  action  of  this  beamlet 
and  corrector,  has  to  be  sufficient  for  provision  of  the  required  distorted  profile  of  the  corrector.  This  problem  was  not  yet 
analyzed,  for  the  magnitude  of  the  distortions,  coped  with  by  the  traditional  scheme  of  NOF-correction,  was  not  large  and 
one  could  neglect  these  residual  error. 

Anyhow,  there  is  simple,  at  least  in  principle,  solution  of  this  problem.  One  can  mount  afterwards  the  first 
contour  of  NOF-correction,  using  the  encoarsed  interferometer,  the  second  one  of  the  similar  schematics  or  the  one,  based 
on  the  traditional  NOF-correction  schematics.  However,  the  evaluation  of  the  necessity  of  such  a  complication  of  the 
system  has  to  be  based  on  more  detailed  analysis  and  numerical  simulation. 

As  to  the  technological  problems  in  realization  of  NOF-corrector  with  the  expanded  range  of  corrected 
magnitudes,  the  most  important  seems  to  be  that  of  fabrication  of  the  "thick"  optically  addressed  LC  SLM.  The  depth  of 
modulation  of  LC  refraction  index  equals  0.1  -  0.2,  so  the  correction  for  distortions  with  the  magnitude  of  dozen 
wavelength  requires  the  use  of  LC  layer  with  the  thickness  of  ~10_1  mm  or  LC  SLM  of  the  sophisticated  design.  The 

problem  of  fabrication  of  the  elements  of  such  a  class  was  already  discussed  with  respect,  in  particular,  of  their  use  as  the 
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actuator  in  the  linear  adaptive  systems  .  This  problem,  however,  requires  much  more  thorough  study,  because,  in 
particular,  this  very  element  will  determine  the  response  time  of  the  overall  system. 

In  fact,  it  is  known9  that  the  possibility  to  realize  the  optically  addressed  LC  SLM  with  the  comparatively  deep 
(several  wavelengths  of  visible  light)  phase  modulation  meets  significant  difficulties.  It  can  be  simply  explained  in  the 
following  way.  Enlargement  of  the  LC  layer  thickness  result  in  growth  of  its  electric  resistance.  At  the  same  time,  most  of 
the  photoconductors,  which  are  used  as  the  photosensitive  layer  in  OA  LC  SLM  production,  reveal  not  very  high  dark 
resistance.  So  for  some,  not  very  high,  thickness  of  LC  layer  the  dark  resistance  of  both  layers  become  comparable.  As  a 
result,  in  the  dark  condition  the  relative  value  of  the  feeding  voltage,  applied  to  the  LC  layer,  reduces.  So  the  modulation 
of  optical  thickness  of  the  layer  after  photoconductor  illumination  also  reduces.  As  a  result,  in  most  of  available  today 
combinations  of  liquid  crystal  —  photoconductor  the  dependence  of  phase  shift  vs.  LC  layer  thickness  soon  saturates.  We 
have  checked  this  hypothesis  in  the  experiment.  It  is  known  that  the  chalcogenide  photosensitive  layer  reveals  much 
higher  dark  resistance  than  the  most  widely  used  today  layers,  such  as  modified  silicon  etc.  On  the  base  of  this 
photosensitive  layer  have  realized  the  optically  addressed  transparent  LC  SLM  element  with  the  nematic  LC  layer 
thickness  of  20  pm.  In  the  Fig.6  is  shown  the  intensity  distribution  of  the  gaussian  beam  of  He-Ne  laser  after  transmission 
through  this  element,  mounted  between  the  crossed  polarizers.  The  influence  of  radiation  have  modulated  the  phase 
retardation;  one  can  see  at  least  three  fringes.  More  accurate  measurements  have  shown  that  in  such  an  element  it  is 
possible  to  obtain  phase  retardation  of  ~ln  at  0.63  pm,  i.e.  of  more  than  2  pm.  If  one  uses  such  an  element  in  the  mirror 
geometry,  he  can  realize  hence  the  retardation  of  at  least  4-5  pm,  which  would  be  sufficient  for  most  practical 
implementations  of  the  method  under  consideration. 

In  addition  to  shortening  the  response  time,  one  of  the  basic  problems  in  design  of  the  “thick"  modulators  is  the 
problem  of  fabrication  of  the  elements  of  the  high  and  reproducible  optical  quality.  Note  that  in  the  case  of  NOF-correction 
this  factor  has  much  lower  importance,  than  in,  say,  case  of  linear  adaptive  actuator,  for  in  our  case  the  correcting  LC 
layer  is  itself  introduced  into  the  correction  loop. 
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ABSTRACT 

Novel  technique  of  object’s  vibration  monitoring  is  proposed.  It  is  based  on  self-diffraction  of  the  speckle  pattern  on 
adaptive  correlation  filter  recorded  in  photorefractive  crystal  owing  to  the  fanning  effect.  The  technique  provides  linear 
response  on  the  displacement  amplitude  and  high  sensitivity.  Both  sensitivity  and  dynamic  range  of  measurements  can  be 
adjusted  varying  the  average  speckle  size  on  the  input  face  of  crystal. 
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1.  INTRODUCTION 

A  number  of  optical  techniques  based  on  both  holographic  and  speckle  interferometry  have  been  proposed  for  the 
detection  of  transient  surface  motion  and  for  monitoring  of  objects  vibrations.'  -2  Recently,  the  introduction  of  digital  image 
processing  methods  has  led  to  new  possibilities  in  this  field,  especially  in  the  application  of  the  speckle  interferometry.3,4 
Unfortunately,  the  high  cost  of  the  set-up  and  influence  of  environmental  changes  on  the  measurement  accuracy  restrict 
wide  application  of  these  techniques  in  the  industry.  Simpler  methods  for  object  vibration  monitoring  were  proposed  and 
studied  as  well.  These  are  based  on  spatial  filtering  of  the  dynamic  speckle  pattern  that  occurs  when  coherent  light  is 
scattered  from  a  vibrating  object’s  surface.5'7  However,  the  spatial  filtering  is  usually  implemented  either  by  computer 
post-processing  of  the  recorded  speckle-patterns  or  by  using  a  small-aperture  filtering  with  significant  losses  of  the  light 
energy.  Korneev  and  Stepanov  have  proposed  to  use  self-diffraction  of  a  speckle  pattern  recorded  in  a  photorefractive 
crystal  for  vibrations  monitoring.8  Unfortunately,  like  in  a  small-aperture-technique,  only  a  small  portion  of  the  light 
power  can  be  exploited  in  their  method. 

In  this  letter,  we  propose  a  new  simple  and  cost-effective  technique  of  the  speckle-pattern  spatial-correlation 
filtering,  which  is  continuously  self-adapted  to  slowly  varying  environmental  changes  and  serves  for  monitoring  of  the 
object’s  vibrations.  This  technique  is  based  on  the  high  sensitivity  of  a  holographic  filter  to  any  decorrelation  of  the 
readout  speckle  pattern  caused  by  its  homogeneous  shift  or  reconfiguration.9'10  We  propose  to  record  novelty  correlation 
holographic  filter  in  a  dynamic  photorefractive  crystal  without  any  reference  wave  but  using  light-induced  scattering 
named  the  fanning  effect.  This  effect  is  known  as  a  self-diffraction  process  in  photorefractive  media,  in  which  a  single 
light  beam  self  generates  scattering  in  asymmetrical  way.11,12  It  is  now  well  established  that  this  effect  is  mainly  caused  by 
energy-exchange  beam  coupling  between  the  incident  beam  and  radiation  scattered  by  inhomogeneities  in  the  entrance 
face  or  within  the  bulk  of  the  crystal.11  Any  fight  beam  introduced  into  a  photorefractive  crystal  with  a  high  two-wave 
coupling  gain  generates  a  number  of  initially  weak  beams  scattered  in  a  broad  angular  spectrum.  These  scattered  beams 
interfere  with  the  incident  beam,  recording  a  number  of  volume  phase  gratings.  The  incident  beam  is  self-diffracted  from 
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these  gratings,  enhancing  the  scattered  light  if  the  phase-matching  conditions  are  fulfilled.13  The  most  power  (up  to  90%) 
of  the  incident  light  can  be  transferred  to  the  scattered  light,  significantly  diminishing  the  power  of  the  beam  transmitted 
through  the  crystal. 

Owing  to  the  holographic  origin  of  the  fanning  effect,  any  fast  change  of  either  structure  or  position  of  the  incident 
beam  results  in  instantaneous  diminishing  of  the  fanning  light  intensity  until  a  new  set  of  the  fanning  holograms  is 
recorded  in  the  crystal.  This  feature  of  the  fanning  effect  has  been  exploited  as  a  novelty  filter  in  optical  image  processors 
for  the  time-differentiation  of  the  input  images.14,15  Here  we  propose  to  utilize  the  intensity  of  the  whole  transmitted  beam 
as  a  parameter  to  measure  variations  in  time  of  laser  speckles  and,  consequently,  vibrations  of  a  rough  object. 


2.  EXPERIMENTAL  SETUP 

The  experimental  set-up  is  depicted  on  Fig.l.  We  study  vibrations  of  a  piezo-ceramic  plate  with  a  rough  surface, 
which  diffusely  scatters  the  incident  light  in  a  wide  volume  angle  of  1.3  steradians.  The  plate  was  illuminated  by  a  non- 
expanded  laser  beam  (beam  diameter  is  about  1  mm)  from  a  He-Ne  laser  (A  =  0.63  /an)  with  power  of  20  mW.  The  angle 
of  incidence  was  45°  to  ensure  a  lateral  displacement  of  the  vibration  surface.  The  fight  scattered  from  the  plate  at  the 
direction  of  specular  reflection  was  collected  by  a  lens  LI  onto  the  photorefractive  crystal  of  bismuth  titanium  oxide 
(Bii2Ti02o).  The  crystal  has  dimensions  of  0.9  x  4.4  x  9.8  mm3.  To  produce  both  fanning  and  the  linear  phase 
transformation  we  apply  to  the  crystal  alternating  unipolar  electric  field  of  a  square-wave.  Mutual  orientation  of  the  vector 
of  applied  electric  field  and  crystallographic  axis  of  the  crystal  is  shown  in  Fig.  1.  The  rising  time  of  the  voltage  switching 
was  0.5  ms  and  the  repetition  rate  can  be  varied  from  0.2  Hz  to  200  Hz.  An  average  size  of  the  speckles  on  the  crystal’s 
input  face  could  be  modified  by  changing  the  optical  system,  which  collects  fight  into  the  crystal  (lens  L\).  The  light 
transmitted  through  the  crystal  has  been  collected  by  the  lens  L2  into  the  photo-diode  and  its  current  was  measured  by  a 
digital  oscilloscope. 
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Fig.l.  Schematic  of  the  experimental  set-up  for  vibrations  monitoring  of  the  diffusely 
scattered  objects.  Light  scattered  by  objects  surface  is  collected  by  lens  LI.  Lens  L2  serves  for 
collecting  the  light  transmitted  through  the  crystal. 
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3.  ADAPTIVE  CORRELATION  FILTERING  OF  THE  SPECKLE  PATTERN 


As  we  have  recently  demonstrated,16  the  intensity  of  the  fanning  light  is  proportional  to  the  correlation  function 
between  an  unperturbed  speckle  pattern  launched  into  the  photorefractive  ciystal  and  that  one  corresponding  to  the  instant 
position  of  the  scattering  surface.  The  dynamic  characteristics  of  this  correlation  function  have  been  investigated  in  details 
by  Asakura  and  Takai.5  It  was  shown  that  if  the  scattering  object  vibrates  harmonically  at  a  frequency  co  with  a  lateral 
component  of  the  displacement  vector,  then  the  speckle  pattern,  caused  by  the  object,  oscillates  with  the  same  frequency. 
Let  us  suppose  that  the  amplitude  of  the  speckle’s  shift  is  smaller  than  the  speckle’s  average  size  at  the  input  face  of  the 
crystal.  Then,  as  a  first  approximation,  we  can  consider  the  movement  of  the  speckle  pattern  to  be  similar  to  the  movement 
of  an  interference  pattern  created  by  two  plane  waves  when  one  of  them  is  phase-modulated  at  the  frequency  co.  The  latter 
problem  of  photorefractive  two-wave  mixing  has  been  extensively  treated  both  experimentally  and  theoretically.17'21  It  was 
shown  that  the  periodical  movement  of  the  interference  pattern  is  transferred  into  the  intensity  modulation  of  the 
transmitted  beam,  which  oscillates  in  general  case  at  both  a  and  2 co.  The  ratio  of  the  first  and  second  harmonics 
amplitudes  is  determined  by  the  relative  phase  shift  ^between  the  interference  pattern  maxima  and  space-charge  maxima, 
which,  in  turn,  depends  on  the  mechanism  of  the  photorefractive  recording.  For  example,  diffusion  recording  (without 
external  electric  field)  produces  tj>  =  ril  and  results  in  the  transmitted  intensity  modulation  at  the  frequency  of  2  co.  In 
contrast,  ^  =  n  is  achieved  for  drift-dominating  recording  producing  first-harmonic  intensity  modulation  (linear  phase-to- 
intensity  transformation).  Naturally,  a  linear  sensor  is  much  preferable  for  practical  applications,  but  <j>  =  n  does  not  allow 
efficient  energy  exchange  between  the  interacting  beams,  and,  consequently,  the  fanning  effect  is  significantly  suppressed. 
However,  recent  theoretical  consideration  of  two-wave  mixing  allowing  the  pump  beam  depletion  (which  is  just  a  case  the 
of  strong  fanning  effect)  shows  that  the  energy  exchange  may  exist  even  for  <j>  =  tt.21  Moreover,  it  was  experimentally 
proved  that  both  absorption  and  phase  type  of  gratings  are  simultaneously  recorded  in  sillenite  crystals.22  Each  type  of 
grating  variously  affects  diffraction  of  a  phase-modulated  beam.  Therefore,  vaiying  external  conditions  of  the  grating 
formation,  one  has  a  chance  to  find  a  situation,  when  strong  energy  exchange  and  linear  transformation  of  the  phase 
modulation  coexist. 

The  application  of  the  bipolar  ac-field  to  sillenite  crystals  leads  to  most  effective  beam  coupling  and  consequently  to 
strongest  fanning  scattering.23  The  fanning  effect  is  not  so  strong  when  the  unipolar  electric  field  is  applied  to  the  crystal 
but  it  is  much  stronger  than  under  dc-electric  field  at  the  steady  state.  Due  to  the  fanning  effect,  intensity  of  the  light 
transmitted  through  the  crystal  was  much  smaller  than  without  any  external  field.  However,  if  we  rapidly  shift  the  speckle 
pattern,  the  intensity  of  fanning  light  is  instantaneously  decreasing  resulting  in  respective  increasing  of  the  transmitted 
beam  intensity.  Figure  2  shows  the  typical  reaction  of  the  fanning  light  intensity  on  the  fast  lateral  shift  of  the  speckle 
pattern. 
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Fig.  2.  Evolution  of  the  fanning  intensity  after  the  rapid  lateral  displacement  of  the  speckle 
pattern  for  10  pm.  Alternating  electric  field  of  30  kV/cm  is  applied  at  the  moment  t=0.  Stage 
I:  steady-state  fanning  is  produced  by  initial  speckle-pattern.  Stage  II:  the  intensity  of  fanning 
is  instantaneously  decreasing  because  of  the  rapid  displacement  of  the  speckle  pattern.  Stage 
III:  new  set  of  gratings  is  recorded  by  shifted  speckle  pattern. 
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As  one  can  see,  fanning  scattering  is  growing  up  with  the  response  time  rR  after  the  initial  drop.  This  increasing 
occurs  because  the  new  set  of  fanning  holograms  is  recording  in  the  crystal.  Therefore,  the  photo-diode’s  current  will 
change  only  if  the  speckle  pattern  varies  faster  than  rR.  Otherwise,  all  slower  changes  (with  r  >  rR)  will  not  affect  the 
transmitted  beam  power.  For  a  chosen  wavelength,  the  recording  time  rR  depends  on  the  crystal  type,  external  electric 
field,  and  intensity  of  the  input  beam.  Therefore,  proper  choice  of  the  material  and  experimental  conditions  allows  us  to 
exclude  harmful  influence  of  environmental  instability.  The  basic  idea  for  the  correlation  filtering  of  time-varying  speckle 
pattern  is  schematically  depicted  in  Fig.  3. 


Fig.  3.  Schematical  illustration  of  the  correlation  filtering  of  time-varying  speckle  pattern 
using  fanning  effect.  Parts  I  and  II  show  the  corresponding  stages  I  and  II  in  Fig.  2. 


4.  LINEAR  PHASE  DEMODULATION  OF  THE  SPECKLE  PATTERN 

External  dc-electric  field  produces  linear  transformation  of  the  speckle-pattern  displacement  to  the  intensity 
variation.  It  means  that  sinusoidal  vibrations  of  the  piezo-ceramic  plate  in  our  set-up  result  in  the  intensity  modulation  of 
the  transmitted  beam  at  the  first  harmonic  of  the  vibration  frequency.  We  experimentally  observed  that  switching  on  the 
dc-electric  field  leads  to  the  sinusoidal  modulation  at  the  frequency  to  just  after  switching.  However,  the  modulation  depth 
is  diminishing  with  the  time  owing  to  not  favourable  conditions  for  fanning  scattering  under  dc-electric  field.  In  contrast, 
unipolar  alternating  voltage  produces  a  steady-state  modulation  at  the  first  harmonic.  Note  that  the  bipolar  electric  field 
results  in  further  increasing  of  the  fanning  scattering  but  immediately  leads  to  the  intensity  modulation  at  frequency  2co. 
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Fig.  4.  Amplitude  modulation  of  the  signal  in  response  to  the  periodic  displacement  of  the 
illuminating  speckle  pattern. 
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Figure  5  demonstrates  the  ability  of  the  proposed  technique  to  adapt  itself  to  changing  frequency  of  the  vibration  of 
object.  Initially,  the  piezo-ceramic  plate  was  excited  to  oscillate  at  the  frequency  4.4  kHz.  Then,  at  the  moment  t  =  0,  the 
frequency  was  switched  to  440  Hz  as  shown  by  an  oscilloscope  trace  ( a )  in  Fig.  5.  A  simultaneous  record  of  the  photo¬ 
diode  current  is  shown  by  trace  ( b )  in  Fig.  5.  One  can  see  that  the  modulation  with  new  frequency  can  be  recognised 
immediately  after  the  switching  of  the  driving  voltage.  However,  due  to  the  mechanical  inertia  of  the  piezo-ceramic  plate, 
it  continues  to  oscillate  during  few  milliseconds  at  the  higher  frequency  as  well. 
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Fig.  5.  Simultaneously  recorded  oscillogramms  of  the  voltage  driving  the  piezo-ceramic  plate 
(a)  and  the  photo-diode  signal  (b)  showing  the  adaptiveness  of  the  vibrometer  to  changing 
experimental  conditions.  At  the  moment  t=0  the  frequency  of  vibration  is  switched  from  4.4 
kHz  to  440  Hz. 


5.  SENSITIVITY  OF  MEASUREMENTS 

To  estimate  sensitivity  of  the  proposed  technique,  we  carried  out  preliminary  measurements  of  the  piezo-ceramic’s 
vibration  amplitude  at  various  excitation  frequencies.  It  was  done  by  using  the  time-average  holographic  interferometer 
exploiting  anisotropic  diffraction  in  a  photorefractive  crystal.24  Another  Bii2Ti02o  sample  measuring  8.0  x  12.0  x  8.0  mm3 
was  used  in  this  interferometer.  After  the  calibration,  we  measured  the  response  of  the  proposed  system  on  sinusoidal 
vibrations  of  the  rough  object.  Figure  6  shows  the  modulation  depth  of  the  photo-diode’s  current  as  a  function  of  the  piezo¬ 
ceramic’s  amplitude  measured  at  different  excitation  frequencies.  The  modulation  depth  was  defined  as  a  ratio  of  the 
modulation  amplitude  to  the  photodiode’s  current  at  the  steady-state  for  non-vibrating  object.  The  group  of  curves  marked 
as  (a)  in  Fig.  6  has  been  obtained  with  optical  set-up  producing  average  size  of  the  speckles  of  45  pm  at  the  input  face  of 
the  photorefractive  crystal.  Alternatively,  the  group  ( b )  has  been  obtained  for  90-/rm  average  size  of  speckles. 

One  can  see  from  Fig.  6  that  all  dependencies  are  linear  and  sensitivity  of  the  measurement  system  depends  on  the 
speckle  size:  the  smaller  speckle,  the  higher  sensitivity.  Therefore,  both  sensitivity  and  dynamic  range  of  the 
measurements  can  be  readily  changed  by  modifying  the  optical  projection  system.  It  is  worth  noting  that  absolute  value  of 
sensitivity  for  the  45-^m  speckle  pattern  reaches  0.15  V///m,  which  is  two  orders  of  value  higher  than  that  reported  in 
Ref.7.  The  dependence  of  the  signal  amplitude  on  an  external  electric  field  is  linear  up  to  the  value  of  35  kV/cm,  which  is 
the  strongest  field  applicable  to  the  particular  photorefractive  sample. 

All  the  experiments  reported  here  were  carried  out  with  a  He-Ne  laser  (A=632.8  nm).  However,  the  proposed 
technique  works  also  if  a  laser-diode  (A=682  nm)  is  used  as  a  fight  source.  In  addition,  there  is  no  strong  requirement  for 
the  coherence  length  of  the  fight  source.  It  may  be  about  1  mm  or  smaller,  which  is  enough  to  create  the  speckle  pattern 
and  produce  photorefractive  fanning  effect.  Moreover,  the  optical  projection  system  can  be  replaced  by  a  multimode  optical 
fiber  that  opens  up  a  possibility  to  design  compact,  flexible,  and  stable  vibration  sensors. 
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Fig.  6.  Dependence  of  the  photo-diode-current  modulation  depth  on  the  vibration  amplitude  of 
the  piezo-ceramic  plate  obtained  for  the  average  speckle  size  of  45  pm  {set  (a)}and  for  90  pm 
speckles  {set  (b)}  for  different  vibration  frequencies.  Open  squares  indicate  experimental 
points  measured  for  vibrations  at  the  frequency  of  500  Hz,  open  circles  are  for  1000  Hz,  and 
triangles  are  for  2000  Hz.  Unipolar  electric  field  of  35  kV/cm  with  the  repetition  rate  of  45  Hz 
is  applied  to  the  photorefractive  BTO  crystal. 


6.  CONCLUSIONS 

Novel  technique  of  the  vibration  monitoring  based  on  the  photorefractive  fanning  effect  is  proposed.  Principle  of  the 
operation  is  the  correlation  analysis  of  the  speckle  pattern  scattered  by  a  rough  surface  in  motion.  The  technique  is  very 
simple  in  the  implementation  and  easily  self-adapted  to  environmental  changes.  There  is  no  need  for  any  special  reference 
or  readout  beams.  It  effectively  uses  most  of  the  light  power  scattered  by  the  object.  The  technique  provides  linear  response 
on  the  displacement  amplitude  and  its  sensitivity  is  comparable  with  that  of  an  interferometer.  Both  sensitivity  and 
dynamic  range  of  the  measurements  can  be  easily  changed  varying  the  average  speckle  size  on  the  input  face  of  the 
photorefractive  crystal. 
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ABSTRACT 

Q-switched  regimes  of  the  nanosecond  pulse-periodic  Nd:YAG  laser  with  dynamic  cavity  formed  with  participation 
of  dynamics  holographic  gratings  in  laser  elements  have  been  investigated.  A  Sagnac  interferometer  was  applied  as.  a  laser 
cavity  mirror  for  angular  selection  of  initial  radiation.  As  a  passive  Q-switch,  we  used  saturable  absorber  crystal  LiF :  F~  , 
which  increased  total  intracavity  diffraction  efficiency  of  dynamic  gratings  completing  the  cavity.  Self-pumped  phase 
conjugation  in  Nd:YAG  amplifier  and  LiF  :  F~  absorber  provided  adaptive  properties  of  the  cavity.  The  peak  power  of 
generated  beam  with  diffraction  quality  exceeded  17.5  MW  and  the  average  power  achieved  50W. 

Keywords:  Dynamic  holographic  gratings;  Refractive  index  and  gain  gratings  in  active  media;  High  average  power 
Nd:YAG  laser. 


1.  INTRODUCTION 

The  methods  of  adaptive  and  nonlinear-optical  corrections  are  actively  investigated  due  to  possibilities  to  improve 
the  spatially  -  energetic  parameters  of  a  laser  radiation  [1-4],  One  of  the  most  perspective  methods  in  this  direction  is  the 
dynamic  holography  using  effects  of  a  phase  conjugation  (PC)  and  optical  waves  mixing.  To  the  present  time  the  set  of 
effects  of  interaction  of  light  waves  in  various  nonlinear  mediums  is  investigated,  a  lot  of  methods  and  schemes  of  the  PC 
of  laser  beams  with  concrete  parameters  (intensity,  spectral  breadth,  degree  of  polarization,  duration  of  pulses  etc.)  is  de¬ 
veloped.  The  present  work  is  directed  to  development  of  new  physical  principles  of  a  construction  of  lasers  using  nonlinear 
mirrors  based  on  the  dynamic  holograms,  and  research  of  their  unique  potential  possibilities  (such  as  self-adapting  to  in¬ 
tracavity  distortions,  etc.).  The  main  goal  of  the  work  is  the  research  of  the  lasers,  which  cavities  are  formed  with  partici¬ 
pation  of  dynamic  gratings  of  an  index  of  refraction  and  amplification  (or  absorption),  accompanying  with  gratings  of 
population,  induced  in  inverted  laser  crystals  and  saturated  absorbers  by  an  interference  field  of  generated  beams. 

The  stationary  unstable  cavity  of  a  telescopic  type  and  a  passive  Q-switcher  (PQS)  on  a  LiF:F{ crystal  were  applied 
in  [5,6]  to  reduce  thermal  phase  distortions  and  realize  of  single-mode  lasing.  It  has  allowed  to  receive  pulse-periodic 
single-mode  radiation  with  peak  power  of  a  separate  pulse  up  to  100  kW  and  spatial  brightness  2-109  W/sm2sr  at  diver¬ 
gence  of  2  mrad  and  coherence  length  of  10  sm.  However  beam  quality  of  modern  high-power  lasers  (having  a  broad 
spectrum  of  applications  in  a  process  engineering,  communication,  medicine)  remains  low  -  the  divergence  of  their  beams 
usually  exceeds  a  diffraction  limit  in  several  orders  of  magnitude. 
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2.  EXPERIMENTS 


We  present  the  study  of  a  laser  system  which  included  a  passive  Q-switch  by  a  LiF:F{  crystal,  dynamic  cavity 
formed  by  holograms  induced  both  in  active  (Nd:YAG)[4,7]  and  passive  {fAF:F£)\S[  elements  by  generated  beams  them¬ 
selves  providing  self-pumped  phase  conjugation  (SPPC)  and  Sagnac  interferometer  as  a  transverse  mode  selector  . 

The  optical  scheme  of  the  laser  is  shown  in  (fig.  1).  The  laser  consists  of  two  AEs  (1  and  2),  PQS  (3),  mirrors  and 
the  Sagnac  interferometer,  formed  by  beam  splitter  (8)  and  mirrors.  Lasing  starts  from  amplified  spontaneous  emission  of 
AEs,  reflected  from  the  Sagnac  interferometer  ensuring  initial  spatial-angular  selection.  The  different  dynamic  gratings 
induced  by  generating  beams  themselves  are  shown  in  the  fig.l.  These  holographic  gratings  playing  a  role  of  nonlinear 
mirrors  completed  self-adaptive  laser  cavity. 


Fig.  1.  Optical  scheme  of  Nd:YAG  laser  with  dynamic  cavity:  1,  2  -  AE;  3  -  LiF.Fj'ciystal;  4,  5,  6,  7  -mirrors;  8  -  beam  splitter,  9,  10  -  Sagnac 
interferometer  mirrors 


The  free  running  regime  was  realized  in  the  scheme  without  LiF:F{  crystal.  The  energy  of  generation  pulses 
achieved  1.62  J  at  pulse  repetition  rate  30  Hz,  pump  pulse  energy  of  127  J  and  their  duration  of  200  ps  (it  corresponded  to 
average  power  of  single-mode  radiation  of  49  W).  The  divergence  of  tire  generated  beam  was  0.42  mrad.  The  coherence 
length  exceeded  10  m,  that  corresponds  to  the  oscillation  spectrum  width  of  0. 1 1  pm. 

To  increase  the  diffraction  efficiency  of  the  dynamic  holographic  gratings  formed  in  the  Nd:YAG  crystals  and  to 
realize  the  passive  Q-switch,  the  LiF:F{  crystal  was  used.  The  crystal  initial  transmittance  was  varied  from  20  %  to  76  %. 
It  allowed  us  to  realize  a  Q-switch  regime  providing  the  equidistant  huge  pulses. 

We  investigated  two  schemes  of  passive  Q-switch  of  the  laser  dynamic  cavity: 

-  the  LiF:F{  crystal  was  placed  close  to  the  mirrors  5  and  7  (scheme  1); 

-  the  LiF:F{  crystal  was  placed  between  AEs  (scheme  2)  at  the  point  of  intersection  of  the  internal  beams,  as 
shown  in  fig.  1. 

The  Q-switch  provided  a  series  of  equidistant  nanosecond  pulses.  The  pulse  duration  was  20-80  ns.  It  did  not  de¬ 
pend  on  the  scheme  of  PQS  arrangement,  and  was  defined  both  by  cavity  length,  and  initial  transmittance  of  the  LiF:F{ 
crystal.  PQS  initial  transmittance  was  changed  by  moving  the  LiF:F1  crystal  perpendicularly  to  the  optical  axis.  It  allowed 
us  to  change  smoothly  the  duration  of  generated  pulses,  their  number  and  pulse  repetition  period  in  the  pulse  train  and 
hence  to  operate  the  average  power  and  pulse  energy  of  the  beam. 

The  dependencies  of  power  and  temporary  radiation  parameters  on  PQS  initial  transmittance  are  shown  in  fig.  2  at 
total  pump  energy  of  127  J  and  pump  pulses  repetition  rate  of  30  Hz.  The  LiF:F{  crystal  was  placed  according  to  the 
scheme  2.  The  given  dependencies  demonstrated  that  the  duration  of  a  separate  pulse  was  reduced,  and  its  energy  and  peak 
power  was  increased  at  reduction  of  initial  transmittance  of  the  crystal.  The  duration  of  generated  beam  pulses  was  t  =  20 
ns  at  PQS  initial  transmittance  of  T0  =  20  %.  The  energy  of  a  separate  pulse  in  the  series  of  pulses  achieved  Wt  =  350  mJ, 
and  the  peak  power  exceeded  Pm  =  17  MW.  The  increase  of  power  parameters  was  caused  by  increase  of  PQS  optical  den- 
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sity,  losses  on  its  enlightenment  also  grow.  It  resulted  in  increase  of  a  time  of  achievement  of  threshold  population  inver¬ 
sion  and  increase  of  the  reserved  energy  in  AEs.  And,  as  a  consequence,  it  resulted  in  generation  of  pulses  with  large  en¬ 
ergy  and  peak  power.  On  the  other  hand,  the  increase  of  PQS  initial  transmittance  caused  the  decrease  of  losses  on  its 
enlightenment  and  decrease  of  the  time  of  achievement  of  threshold  population  inversion  in  AEs.  It  resulted  in  growth  of 
pulse  quantity  and  decrease  of  pulse  repetition  period  in  the  pulse  train.  For  these  reasons  the  generation  pulse  energy  and 
their  peak  power  was  reduced.  The  energy  of  the  pulse  train  was  increased  and  at  T0  =  50  %  exceeded  the  energy  of  free 
generation  pulses  (shaped  line  in  a  fig.  2). 


MWt 


Fig.  2.  Dependences  of  Nd:  YAG  laser  radiation  power  parameters  at  30  Hz 
pulse-periodical  pump  with  127  J  energy  on  the  initial  transmittance  of 
PQS:  1  -  energy  of  the  train  of  pulses;  2  -  separate  pulse  energy;  3  -  pulse 
peak  power,  4  -  pulse  repetition  period  in  the  train  of  pulses;  5  -  the  number 
of  pulses  in  the  train  of  pulses;  6  -  pulse  duration. 


Fig.3.  Dependencies  of  Nd:  YAG  laser  radiation  power  parameters 
on  pump  pulse  energy  with  30  Hz  frequency  at  58  %  PQS  initial 
transmittance:  1,  2  -  pulses  train  energy,  3  -  free  generation  pulse 
energy,  4,  5  -  peak  power  of  pulse;  6,  7  -  separate  pulse  energy,  1, 
4,  6  -  PQS  was  placed  close  to  the  rotary  mirror,  2,  5,  7  -  PQS  was 
placed  in  the  crossing  point  of  the  internal  beams 


Fig.  3  and  4  shows  power  and  temporary  parameters  of  Nd:YAG  laser  radiation  depending  on  the  total  pump  pulses 
energy  at  30  Hz  pulse-periodical  pump  and  58%  PQS  initial  transmittance.  The  received  data  allowed  us  to  define  an 
optimum  PQS  position  in  the  cavity.  The  highest  peak  power,  energy  of  the  separate  pulses  (fig.  3,  a)  and  energy  of  pulse 
train  (fig.  4,  b)  have  been  achieved  in  the  scheme  2.  Actually,  at  the  moment  of  the  LiF:F{  crystal  enlightenment  the  addi¬ 
tional  PSC-mirror  (raising  a  total  efficiency  of  the  PSC  regime  in  the  dynamic  generator)  was  raised  that  allows  to  im¬ 
prove  the  self-compensation  of  optical  aberrations  in  AEs  and  reduce  the  diffraction  losses.  So,  the  generation  efficiency 
was  increased.  Besides,  LiF:F{  crystal  placement  at  the  cavity  center  entails  increase  of  interaction  length  of  laser  beams 
with  PQS  medium.  It  resulted  in  increase  of  the  time  of  achievement  of  threshold  population  inversion  in  Aes  and  decrease 
of  pulses  repetition  frequency  and  their  quantity  in  series  (fig.  4).  This  caused  the  generation  of  pulses  with  large  peak 
power,  energy  of  the  separate  pulses  and  pulse  train  (fig.  3)  in  comparison  with  the  scheme  1.  The  pulse  train  energy  in  the 
scheme  2  was  1.82  J,  the  radiation  average  power  -  55  W,  and  in  the  scheme  1  -  1.43  J  and  43  W  accordingly  at  the 
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maximal  pump  pulses  energy  of  127  J  and  PQS  initial  transmittance  of  58  %.  The  generation  efficiency  in  the  scheme  2 
grew  by  12  %,  and  fall  by  18  %  in  scheme  1  in  comparison  with  the  free  generation  regime. 

The  peak  power  of  pulses  (fig.  3,  a),  their  quantity  in  train  and  period  (fig.  4)  was  grew  with  increase  of  pump  pulses 
energy.  The  peak  power  of  a  separate  pulse  in  the  scheme  2  achieves  4  MW  at  the  maximum  pump  energy,  that  is  in  2  and 
more  times  more  than  peak  power  of  pulses  in  the  scheme  1  made  (1.6  MW).  The  growth  of  pulse  peak  power  and  their 
energy  could  be  explained  by  the  contribution  of  the  hologram  by  F{  color  centers  in  the  LiF  crystal  at  the  compelled  reso¬ 
nant  dispersion  to  the  diffraction  efficiency  of  dynamic  nonlinear  mirror  initially  formed  by  refractive  index  gratings  in 
AEs  [9,10].  This  resulted  in  increasing  of  the  parametrical  feedback  in  the  dynamic  generator,  increase  of  PSC  regime 
efficiency  and  hence  increase  of  mode  volume  and  increase  of  energy  output  in  AEs. 

The  pulse  duration  within  the  error  limits  of  measurements  remained  constant  of  50±5nc  and  did  not  depend  on  the 
scheme  (1  or  2),  as  well  as  on  pump  pulses  energy.  All  pulses  of  the  Q-switched  radiation,  which  registered  by  high-speed 
oscilloscope  Cl-75  with  the  help  of  the  avalanche  photo  diode  LFD-2A,  had  a  smooth  temporary  structure,  that  verified 
the  single-mode  single-frequency  character  of  radiation  [11]. 

The  application  of  LiF:F{  crystals  under  the  scheme  2  for  passive  Q-switch  of  the  Nd:  YAG  laser  dynamic  cavity 
has  allowed  to  receive  single-mode  single-frequency  radiation  with  beam  quality  M2  =  1.01  and  divergence  0  =  0.34  mrad 
(at  a  level  of  e~2)  at  pump  energy  up  to  127  J.  The  coherence  length  of  laser  radiation  was  determined  with  the  help  of 
Michelson  interferometer.  It  was  more  than  18  m  (oscillation  spectrum  width  of  0.07  pm). 
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Fig.4.  Dependencies  of  Nd:  YAG  laser  radiation  temporary  parameters  on  pump  pulse  energy  with  30  Hz  frequency  at  58  %  PQS  initial 
transmittance:  1,2-  period  of  pulses  occurrence  in  the  train;  3, 4  -  quantity  of  pulses  in  the  train;  1,3-  PQS  was  placed  close  to  the  rotary  mirror,  2, 
4  -  PQS  was  placed  in  the  intersection  point  of  the  generated  beams 
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3.  CONCLUSION 

Thus,  the  given  data  testify  the  high  efficiency  of  LiF:F{  crystals  for  use  as  a  passive  Q-switch  in  powerful  Nd:YAG 
lasers  with  dynamic  cavity.  It  has  allowed  us  to  receive  full  aperture  single-mode  single-frequency  radiation  with  beam 
quality  close  to  unit  at  diffraction  limited  divergence  and  to  output  beam  spatial  brightness  up  to  3.8-1014  W/sm2sr.  Our 
investigations  open  new  potentialities  of  solid  state  lasers  for  applications  in  material  processing,  spectroscopy,  microelec¬ 
tronics,  medicine,  science,  etc. 
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ABSTRACT 

We  present  a  spatial  mode  analysis  of  a  self-adaptive  holographic  laser  oscillator  formed  by  a  non-linear  medium  in 
a  self-intersecting  loop  geometry  incorporating  additional  intracavity  elements  and  a  feedback  mirror  acting  as  output 
coupler.  We  use  an  ABCD  transfer  matrix  approach  for  cavity  elements  as  well  as  the  four-wave  mixing  in  the  nonlinear 
medium  and  demonstrate  transient  evolution  as  well  as  self-consistent  steady-state  solutions  for  the  fundamental  mode 
configuration.  We  find  the  transient  case  evolves  to  the  self-consistent  solution  if  one  exists.  We  show  the  effects  of 
intracavity  lens  focal  length  and  position  in  cavity,  as  well  as  die  finite  transverse  dimensions  of  the  nonlinear  medium,  on 
the  size  of  the  self-consistent  mode  to  find  regimes  for  large  mode  size,  good  phase  conjugate  quality  and  low  loss  operation. 
Keywords:  Gaussian  beams,  holographic  oscillators,  optical  phase  conjugation. 

1.  INTRODUCTION 

Almost  since  it  was  proposed  in  1972, 1  the  technique  of  optical  phase  conjugation,  (OPC),  has  been  used  in  order  to 
correct  for  thermally-induced  phase  distortions  in  the  gain  medium,  which  cause  degradation  of  beam  quality  and  stability  in 
conventional  solid-state  lasers.2  OPC  techniques  have  been  incorporated  in  phase-conjugate  resonators  correcting 
dynamically  for  intracavity  phase  distortions  and  maintaining  good  output  mode  quality.3  Such  resonators  have  been 
constructed  using  photorefractive  materials,4  stimulated  Brillouin  scattering  cells,5  and  absorbing/amplifying  media.6,7  In  all 
these  cases  the  resonator  oscillation  required  input  of  an  external  beam  or  start-up  cavities. 

This  work  describes  a  transient  and  self-consistent  analysis  of  the  fundamental  spatial  mode  of  a  self-adaptive  holographic 
resonator8  that  is  self-starting  without  requirement  of  external  input  beams  or  start-up  cavities.  Figure  la  shows  a  simplified 
version  of  the  system  formed  by  a  nonlinear  four-wave  mixing  (FWM)  medium,9  (in  a  self-intersecting  loop  geometry  with 
interacting  beams  Ei  -  E4),  an  output  coupler,  an  amplifier  that  allows  the  system  to  reach  lasing  threshold  and  possibly  other 
intracavity  elements.  Much  spatial  mode  analysis  work  has  been  performed  on  conventional  stable/unstable  resonators.1011 
Work  has  also  been  done  in  phase-conjugate  resonators,12,13  however,  consideration  has  normally  been  made  of  perfect  phase 
conjugation  or  simulating  the  effect  of  spatially  varying  external  writing  beams  by  placing  Gaussian  apertures  directly  in 
front  of  the  phase  conjugation  mirror  (PCM).14  A  very  recent  work,15  has  dealt  with  the  stationary  case  in  a  phase-conjugate 
resonator  where  the  PCM  is  not  externally  prescribed  by  a  writing  beam  but  is  self-forming  from  spontaneous  noise,8  which 
means  that  the  spot  size  and  radius  of  curvature  (ROC)  of  the  feedback  beam  and  FWM  pump  beams  are  interdependent  In 
this  work,  we  analyze  the  transient  evolution  of  the  fundamental  mode  (i.e.  spatially  Gaussian)  of  the  self-adaptive  resonator 
using  the  standard  techniques  for  studying  mode  dynamics  in  conventional  laser  resonators,  i.e.  the  complex  ?[  beam 
parameter10  and  ray  transfer  (ABCD)  matrices,11  and  try  to  analyze  a  more  general  range  of  regimes  of  intracavity  lens  focal 
length  and  position  in  cavity  and  consideration  of  finite  size  of  nonlinear  medium.  The  primary  motivation  for  this  work  was 
to  understand  the  way  to  control  the  mode  size  of  the  system  in  order  to  design  new  adaptive  laser  oscillators  (ALO)  that 
exhibit  a  large  mode  size  within  the  adaptive  laser  oscillator  and  therefore  result  in  a  high  output  energy  due  to  greater 
utilization  of  the  available  gain  volume  in  the  amplifier  together  with  good  phase  conjugation  and  low  losses. 

2.  FOUR-WAVE  MIXING  INTERACTION  AND  ABCD  RULE  WITH  GAUSSIAN  BEAMS 

In  the  FWM  interaction  represented  in  figure  la,  the  electric  fields  of  the  interacting  beams  are  written  in  the  form: 


Ej  =j%j  exp[;(«rf  -  fe)]+ c.  c. 

j=  1.4 

[la] 

2j  (r,  z)  cc  exp[-/Ar  J/2^  (z)] 

[lb] 
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where  co  is  the  angular  frequency,  k  -  2n/X  is  the  magnitude  of  the  wavevector  with  X  as  the  wavelength,  the  complex 
amplitude  lj  is  taken  to  have  a  circularly-symmetric  Gaussian  variation  as  a  function  of  the  transverse  radial  coordinate  r, 
TJj  is  the  complex  beam  parameter  for  a  beam  with  radius  of  curvature  R,  and  spot  size  wp  and  z  is  a  distance  in  the  direction 
of  propagation.  To  calculate  the  form  of  the  generated  “conjugate”  beam  we  use  the  standard  result  of  a  simple  FWM 
interaction,9 

2t  oc  7LJLX  [2] 

to  obtain  the  following  relations  for  complex  ^  parameters  at  the  FWM  interaction  region  and  its  corresponding  radii  of 
curvature  and  spot  sizes,  respectively: 


1  _  1  1  1 

[3a] 

~  +  n: 

11  1  1 

[3b] 

Ra  /?!  Rj  R3 

1  -  1  +  1  +  1 

M>1  W3  M>1  W  3 

[3c] 

Perfect  phase  conjugation  is  achieved  when  24  oc  2’  ,5  which  requires  q4  =  -ql ,  i.e.  the  spot  size  of  Aa  is  equal  to  the  spot 
size  of  A3  (w4=w3),  and  the  radius  of  curvature  of  A4  is  the  reverse  of  A3  {R4  =  -R3).  To  achieve  this  condition  requires  the 
beams  A  t  and  A2  to  be  large  aperture  waves  compared  to  the  probe  beam  A  3  (wI,w2»w3),  and  to  have  conjugate  wavefronts 
or  for  beam  A3  to  have  a  small  radius  of  curvature  ( R3«Rj ,  R2).  However,  in  experiments  A,  and  A2  are  finite  Gaussian 
beams  which,  from  equation  (3c),  produces  a  beam  reduction  (w4<w3)  and  will  result  in  an  imperfect  wavefront  conjugation 
(R4  *  -R3)  since  Aj  and  A2  will  not  have  conjugate  wavefronts. 
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Figure  1.  a)  FWM  interaction  of  beams  Eu  E2  and  E3  to  produce  the  beam  E4  inside  an  adaptive  laser  resonator;  and  b) 
simplified  schematic  diagram  of  such  an  adaptive  laser  resonator,  of  loop  length  L  and  distance  from  the  output  coupler  to  the 
FWM  interaction  d.  The  ‘dashed’  elements  represent  additional  (optional)  optical  elements. 


When  a  Gaussian  beam,  initially  described  by  the  complex  beam  parameter  q ,  propagates  through  an  optical  system 
composed  of  simple  paraxial  elements  it  is  possible  to  calculate  the  new  propagated  value  for  the  complex  beam  parameter 
(say  q  )  by  using  the  ABCD  Rule  which  contains  the  whole  of  the  paraxial  ray  optics: 


,  Aq+B 
Cq+D 


[4] 


where  A,  B,  C,  and  D  are  the  elements  of  the  total  ABCD  transfer  matrix  that  is  the  result  of  the  product  of  all  the  individual 
matrices  representing  each  of  the  individual  optical  elements.11 
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3.  SELF-CONSISTENT  SOLUTIONS  FOR  THE  EMPTY  OSCILLATOR 
In  a  recent  work,15  the  self-consistency  of  Gaussian  modes  oscillating  inside  a  self-adaptive  holographic  resonators 
was  studied  in  the  simplest  case  consisting  of  a  plane  output  coupler,  (OC),  and  a  transversally  infinite  FWM  medium  in  a 
self-intersecting  geometry.  We  will  summarize  here  the  key  results  of  this  system  which  we  will  use  as  a  reference  for  more 
complex  cavity  configurations  that  will  be  analyzed  later.  For  this  simple  reference  cavity  it  was  found  that  there  exist  a  self- 
consistent  value  for  the  complex  beam  parameter  at  the  output  coupler  given  by 

9,  =I(2+i)  [5a] 

which  corresponds  to  the  self-consistent  values  for  the  output  beam  size  (wR)  and  the  output  beam  radius  of  curvature  (Rr): 

wx  =  ^(5 LX  In)  [5b] 

Rk  =51/2  [5c] 

In  this  case  it  is  clearly  seen  that  the  beam  size  from  equation  (5b)  is  finite  and  real  for  all  values  of  cavity  length  L, 
indicating  a  stable  cavity  configuration  and  has  a  radius  of  curvature  corresponding  to  a  divergent  output  beam  which  does 
not  match  the  curvature  of  the  plane  output  coupler.  For  long  cavity  length  L,  the  radius  of  curvature  tends  to  match  the 
plane  output  coupler  and  a  large  mode  volume  is  produced.  It  may,  however,  be  impractical  to  have  a  very  long  cavity  due  to 
space  constraint  and  stringent  alignment  sensitivity.  It  is  therefore  necessary  to  look  at  more  complex  cavity  scenarios  to 
seek  out  regimes  with  larger  mode  size  for  a  given  fixed  cavity  length  L. 


4.  THE  LENS-IN-LOOP  OSCILLATOR 

We  consider  an  oscillator  that  incorporates  a  lens  in  the  loop,  located  just  in  front  of  the  FWM  medium  (as  might 
occur  from  a  thermal-induced  lensing  in  the  FWM  medium,  for  example),  and  for  this  case  the  self-consistent  solution 
changes  equation  (5a)  to 

ft  =  42S + *V(4«,-4«4+l) 1  g]  l6a] 


It  is  informative  to  write  the  new  self-consistent  output  solution  as  a  ratio  to  the  empty  cavity  values  (with  subscript  R)  for 
spot  size  and  radius  of  curvature  as: 
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where  g=l-L/f  is  a  useful  stability  parameter.  One  feature  of  the  result  in  equation  (6b)  is  the  existence  of  a  range  of 
confinement  for  the  mode  that  defines  whether  the  beam  size  is  real  (stable  cavity)  or  imaginary  (unstable  cavity)  according 
to  the  value  of  4g2-4g4+l£0.  The  other  key  feature  is  that  there  exists  a  range  where  the  mode  size  is  larger  than  the  empty 
(reference)  cavity  mode  size  (wr). 


5.  THE  TRANSIENT  DYNAMICS  OF  THE  EMPTY  ADAPTIVE  LASER  OSCILLATOR 
The  ABCD  Rule  of  equation  (4),  together  with  the  results  of  the  preceding  sections  allow  us  to  analyze  the  transient 
spatial  mode  dynamics  of  a  self-starting  ALO.  At  the  beginning,  we  start  with  a  simple  ALO,  which  is  shown  in  figure  lb. 
For  this  first  case,  the  only  optical  elements  are  the  OC  and  the  self-pumped  FWM  mirror.  The  complex  parameters,  ft  (j  =  1 
..  4),  of  the  four  beams  in  the  plane  of  the  FWM  medium,  and  the  ft  parameter  at  the  output  coupler  (see  fig.  lb)  are  given 
by  boundary  conditions  including  time-delay  after  each  round-trip 
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q™  =  qf+L  [7e] 

where  d  is  the  distance  from  the  FWM  cell  to  the  plane  OC  (set  to  zero  in  this  case),  and  L  is  the  length  of  the  loop  and  where 
the  subscript  n  corresponds  to  the  nth  round-trip  of  the  loop. 

To  initiate  the  system,  we  injection-seed  the  interaction  with  an  initial  q“  value  which  is  maintained  at  this  value  for  the  next 
two  round-trips  until  the  FWM  process  returns  a  new  value  of  q”  (n=2)  via  equation  (7e).  The  initial  ql  sets  <)0and  qt 
initially  (via  equations  (7a)  and  (7b),  respectively)  but  q3  is  undefined  at  n=0  until  a  round-trip  delay  later  (n=l)  via  equation 
(7c).  At  that  stage  qA  is  then  defined  by  equation  (7d),  and  a  further  round-trip  later  q”  (n=2)  evolves  to  a  new  value  via 
equation  (7e).  Subsequent  evolution  of  the  beam  parameters  is  via  successive  iteration  of  equations  (7a)-(7e). 

We  show  in  Figure  2  the  transient  evolution  of  the  fundamental  mode  of  the  cavity,  by  iterating  equations  (7a)-(7e)  with  the 
considerations  stated  before.  We  find  that  although  in  all  cases  the  value  for  the  complex  beam  parameter  at  the  output 
coupler  qo  tends  to  the  self-consistent  solution  given  by  qR  =  1(2  +i) ,  they  evolve  in  a  different  way  dependent  on  the  initial 
input;  and  also,  perhaps  not  surprisingly,  it  is  noticed  that  the  closer  the  wavefront  curvature  and  beam  size  is  to  the  self- 
consistent  solution,  the  fastest  it  converges  to  the  self  consistent  value. 

In  the  following  sections,  we  show  some  results  of  the  transient  evolution  analysis  that  we  conducted  for  other  more  complex 
configurations  of  the  ALO,  finding  convergence  to  self-consistent  solutions  if  they  existed. 


Figure  2.  Transient  evolution  of  fundamental  modes  with  different  initial  radii  of  curvature  and  initial  spot  sizes  of  a)  0.5  of 
the  reference,  wR,  spot  size,  b)  the  reference  value,  and  c)  2.0  of  the  reference  value.  The  loop  length,  L,  was  taken  as  1  m. 


6.  EFFECT  OF  THE  LENS  POSITION  IN  LOOP  OSCILLATOR 
In  order  to  investigate  mode  control  of  the  adaptive  resonator  and  improvement  in  the  quality  of  phase  conjugation, 
the  system  (figure  lb)  was  modified  to  consider  the  incorporation  of  a  lens  in  the  loop  located  at  different  distances  x  from 
the  FWM  medium.  At  the  same  time,  we  keep  d=0  (the  OC  placed  in  the  position  of  the  FWM  medium).  The  new  set  of 
equations  describing  the  propagation  of  the  q  parameter  around  the  system  are  given  by  (7a),  (7b)  and  (7d)  (with  d= 0)  as 
before  but  with  equations  (7c)  and  (7e)  replaced  by 

(1  -Llf+xlf)qr  + 


{L-Lx!  f+x2 1  f) 

-(1  ~x/f) 


=  (1  -x/f)qy+{L-Lx/f  +  x2/f) 

2  (-i//kr+(i-i//+*//) 


[8b] 


Figure  3  exhibits  the  effect  of  the  lens  position  in  loop  on  the  stability  ranges  of  the  adaptive  resonator.  In  this  case  we 
considered  an  adaptive  resonator  with  loop  length  L,  a  lens  inserted  at  the  x'-x/L  position,  x  being  the  distance  along  the  loop 
measured  from  the  FWM  medium.  For  comparison  we  present  in  figure  3  the  cases  for  the  ALO  with  a  lens  located  in  front 
of  the  non-linear  medium  (x’=0);  at  mid-position  in  the  loop  (x’=0.5);  and  at  three  fourths  of  the  loop  path  (x’=0.75).  It  is 
noticeable  from  figure  3  that  the  insertion  of  a  lens  in  the  loop  enables  us  to  control  the  size  of  the  output  mode  as  well  as  to 
produce  a  widening  of  the  stability  range  and  eventually  suppression  of  the  middle  range  singularity  depicted  in  the  x’=0  case 
(when  the  lens  is  located  in  front  the  FWM  medium)  by  making  the  beam  to  be  focused  in  the  FWM  medium,  which  can  be 
seen  in  this  same  graph  for  x’=0.5  and  x’=0.75  cases  when  L/f  ratios  of  2  and  4  are  reached,  respectively.  We  also  notice 
from  this  graph  that  as  the  lens  is  separated  from  the  nonlinear  medium,  an  important  reduction  of  the  beam  size  is  produced 
when  the  beam  is  focused  half-way  from  the  L-x  distance,  which  means  that  the  beam  is  expanding  when  it  reaches  the 
FWM  material;  this  can  be  seen  for  x’=0.5  with  L/f«4 ;  and  for  x’=0.75  with  L/f«5.35. 
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Figure  3.  Variation  of  the  output  spot  size  (normalized  to  empty  resonator  spot  size)  as  a  function  of  L/f  ratio.  The  three  sets 
of  curves  correspond  to  the  lens  located  at  different  normalized  distances  (x’=x/L)  from  the  FWM  medium. 


7.  THE  FINITE  TRANSVERSE  SIZE  EFFECT  OF  FWM  MEDIUM 
We  finally  study  the  effect  of  the  lens  position  in  the  oscillator  but  also  taking  into  account  the  finite  transversal 
dimensions  of  the  FWM  medium  by  considering  it  as  a  Gaussian  transmittance  aperture  with  1/e  radius  size  equal  to  a.  Under 
this  new  consideration,  in  order  to  describe  the  propagation  of  the  q  parameter  around  the  finite  size  FWM  medium  system, 
it  is  necessaiy  to  use  equations  (7a),  (7b)  and  (7d)  (with  d=  0)  and  modify  (8a)  and  (8b)  as  follows: 


=  At  91 


(»-i> 


+Br 


CT  9i  +Dt 


[9a] 


pT  +bt 
cT  +at 


[9b] 


where  AT,  BT,  CT  and  DT  are  given  by 

Ar=(-/A/anJ)[jc+(l-x)(l-x//)]+(Z,-x)(-l//)+l  [9c] 

Br=x+(L-x)(l-x/f)  [9d] 

CT=-l/f+(2-L/ /)(-/2/aaJ)+[x+(Z,-x)(l-x//)](-a2  ht*a*)  [9e] 

Dt  =1  -x/ f +(-//l/aa2)[x+(Z,-Jc)(l-x/ /)]  [9f] 


Figures  4  and  5  show  the  intra-loop  behavior  of  the  Gaussian  beam  spot  size  as  a  function  of  the  L/f  parameter.  In  figure  4  we 
plot  the  behavior  of  the  spot  size  for  an  ALO  formed  by  FWM  medium  whose  transversal  radial  dimension,  a,  is  ten  times 
that  of  the  reference  spot  size  value,  wR,  for  the  loop  length  considered  before;  while  figure  5  considers  the  case  for  a/wR- 3. 
Figures  4  and  5  exhibit  the  cases  for  x’=0,  x=0.5  and  x’=0.75.  We  now  notice  that  the  consideration  of  a  finite  size  FWM 
medium  together  with  the  insertion  of  a  mobile-lens  in  the  loop  of  the  ALO  can  lead  to  a  good  control  of  the  size  of  the 
output  mode  as  well  as  improve  the  phase  conjugation  process  which  means  that  w*  «  w3  and  R4  &  R3.  When  a  finite  size 
FWM  medium  is  considered,  the  output  beam  size  tends  to  fit  the  size  of  the  non-linear  medium  and  the  half  stability  range 
singularity  disappears  for  the  ALO  where  the  lens  is  placed  in  front  of  the  FWM  medium. 


L/fRatio  L/fRatio  L/fRatio 


Figure  4.  Spot  size  (normalized  to  empty  resonator  spot  size)  versus  L/f  ratio  for  an  adaptive  laser  resonator  whose  FWM 
medium  has  a  transversal  radial  dimension  (a)  of  ten  times  reference  spot  size  value  (wr).  Different  normalized  lens  locations 
(x’=x/L)  are  considered  a)  x’=0  (at  FWM  medium),  b)  x’=0.5  (at  mid-point  of  loop)  and  c)  x’=0.75. 
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8.  CONCLUSION 

As  a  conclusion  we  have  studied  the  transient  dynamics  of  fundamental  spatial  modes  (i.e.  Gaussian  beams)  in  a 
self-adaptive  holographic  laser  oscillator  where  the  FWM  medium  is  taken  to  have  infinite  transversal  dimensions.  We  have 
demonstrated  that  fundamental  spatial  modes  evolve  to  a  self-consistent  value  when  transient  dynamics  is  considered.  We 
have  modified  our  initial  system  to  consider  a  new  ALO  where  a  lens  is  located  at  several  positions  in  the  loop  measured 
from  the  infinite  FWM  medium  in  order  to  study  the  effects  of  intracavity  lens  focal  length  and  position  in  cavity  on  the  spot 
size  of  output  mode.  We  found  that  the  insertion  of  a  lens  in  the  loop  of  the  ALO  enables  us  to  control  the  output  mode  spot 
size.  We  finally  have  considered  a  finite  size  non-linear  medium  in  die  same  last  ALO  configuration  managing  to  remove  the 
half  stability  range  singularity  presented  for  some  lens  in  loop  positions. 
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ABSTRACT 


The  role  of  a  small-scale  diffraction  in  resonator  with  holographic  mirror  for  providing  the  effective  selection 
of  wave  conjugated  to  operating  speckled  wave  has  been  investigated  theoretically  and  experimentally.  Possibility 
of  high  fidelity  reconstruction  of  complicated  amplitude-phase  information  on  spatial  structure  of  signal  radiation 
in  the  zero  mode  of  the  “holographic”  resonator  have  been  studied  in  the  parametric  space  singularity  satisfying  the 
geometric-optical  approximation.  The  reasons  for  some  disagreement  between  the  model  conclusions  and 
experimental  data  obtained  in  the  YAG:Nd-laser  with  hologram  of  gain  saturation  have  been  discussed. 


Keywords:  phase-conjugation,  dynamic  hologram,  speckle-beam,  gain  gratings. 


1.  INTRODUCTION. 

Optical  oscillator  with  holographic  mirror1  formed  by  external  signal  wave  £j  -  £3  (Fig.  1)  is  considered  to  be 
one  of  the  effective  PC-correctors  being  used  in  different  laser  systems.  The  growth  of  interest  in  PC  correctors  of 


gen 


„rec 

4 

' 1 


holographic 
signal  wave 


hologram 

Fig.l.Optical  oscillator  with 
mirror  operated  by  external 

E\-E3. 

Fig.2.The  case  of  unsupported 
hologram  recorded  by  two  speckle-waves. 


this  kind  is  connected  partly  with  advancement  in  the  range  of 
greatly  high  average  powers  of  laser  radiation  in  the  diode- 
pumped  solid-state  systems  (for  example,  in  YAG:Nd  systems). 
The  cause  is  that,  under  the  use  of  gain  saturation  nonlinearity2,3 
for  hologram  recording,  distorting  thermal  influence  of  both  laser 
radiation  (because  of  heating  on  the  “defect  of  quantum”  4)  and 
diode-pumping  radiation  on  the  hologram  is  not  very  large. 

Another  reason  for  all  increasing  interest  in  the  PC-scheme 
is  that  it  proves  to  be  effective  for  PC  of  not  only  smooth  laser 
beams  but  also  of  multimode  and  especially  speckle-beams.3,5 
“short”  The  latter  formulation  of  problem  is  vital  when  one  needs  to 


reconstruct  information  about  object  wave  distorted  by 
transmission  function  of  some  random  transporting  medium  (for 
instance,  of  multimode  fiber).  In  this  case  one  has  to  deal  with 
the  hologram  recorded  by  two  waves  both  of  them  being  speckled 
ones.  This  situation  is  much  different  from  the  recording  of  the 
hologram  by  smooth  beams.  First  of  all,  the  traditional 
holography  (Gabor’s  holography),  based  on  principle  of 
“supporting”  (when  one  of  the  two  recording  waves  is  considered 
to  be  plane  wave  against  the  background  of  other,  that  is 
*  * 

1^2  =  constE2 ),  turns  out  to  be  practically  unacceptable.  To 


satisfy  the  principle,  it  would  be  necessary  to  focus  the  wave  £3  in  the  size  of  a  speckle-nonhomoneity  of  wave  £j , 

* 

but  the  corresponding  aperture  loss  of  the  generation  wave  £2  ~  £j  on  such  output  holographic  mirror  would  be 

very  considerable  to  realize  the  generation  practically  in  this  resonator. 

Therefore,  it  needs  to  use  in  this  case  an  “unsupported”  holography.  So,  selective  capacity  of  the  “unsupported” 
hologram,  concerning  the  separation  of  a  conjugated  component  in  the  generation  wave  from  noises,  was  originally 
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connected  with  providing  of  the  diffractive  mixing  of  speckles  of  the  recording  waves  in  the  volume  of  a  “long” 
hologram6  whose  length  lhoi  was  much  longer  than  those  of  longitudinal  correlation  zcor1 3  (zcor=k{f,  where  p  is 

radius  of  transverse  correlation  of  recording  speckled  wave),  so  that  A/j  =  /^0/  /  ^Cor\zcor3  »  1  •  Evident 

advantage  of  this  hologram  is  that  it  guaranties  the  PC-regime  in  the  scheme  independently  of  the  resonator 
features.  However,  there  are,  as  a  rule,  certain  difficulties  in  practical  realization  of  this  diffractive  approximation. 
In  particular,  when  the  hologram  is  recorded,  using  the  gain  saturation  nonlinearity,  its  length  is  limited  by  length 
of  an  laser  rod.  Therefore,  to  satisfy  the  N±  »  1  it  is  necessary  to  provide  either  sharp  focusing  of  the  recording 

beams  in  the  nonlinear  media  or  supplementary  “speckling”  of  the  input  recording  wave  .  The  former  is  limited 
by  breakdown  of  the  active  element  (in  O-  switch  regime),  the  latter  can  make  it  difficult  guiding  without  aperture 
losses  of  the  recording  beam  along  the  feedback  loop  of  the  optical  system. 

Thus,  the  selective  capacity  of  “unsupported”  hologram  satisfying  the  geometrical  optics  approximation 
(N±  <  1 )  was  studied  and  demonstrated  later7:  providing  of  good  mutual  “geometrical  mixing”  of  speckles  of  the 
recording  beams  in  hologram  volume  is  quite  sufficient  to  give  start  to  the  selective  mechanisms  in  such  hologram 
(Fig.2),  that  is  N2=  hoiA  »f,  where  b=p/sin<p,  <p  is  the  angle  of  convergence  of  recording  waves  and  E^  ■ 

In  this  paper,  the  idea  of  the  unsupported  “geometric-optical”  holography,  which  has  obvious  practical 
advantages  comparing  with  the  diffractive  case  (which  requires  »  1 ),  further  develops,  since  there  are  a 


number  of  important  questions  which  must  be  cleared  up.  In  particular,  the  “short”  hologram  (  jVj  <  1 )  seems  to  be 

* 

not  selective  when  dealing  with  the  waves  of  the  E 2  ~  F(x)£]  type,  where  F(x)  is  the  smooth  and  one¬ 


dimensional  along  xq  = 


,klk3  ] 
klk3  ]| 


complex  function:  in  another  words,  some  of  these  waves  are  able  to  be  reflected 


* 

from  the  hologram  as  well  as  conjugated  wave  itself  jE^c  ~  ■  So,  it  is  necessary  to  make  clear  the  role  of  optical 

resonator  in  discriminating  these  waves.  In  particular,  is  it  necessary  to  compensate  the  absence  of  diffractive 
effects  in  hologram  (when  N\  <  1  but  Nj  »  1)  by  providing  the  diffractive  mixing  of  the  recording  speckle- 

waves  in  the  feedback  loop  of  resonator(when  ^3  =  ^eff  r  ^  zcor  >:>  1  ’  wkere  ^eff  r  is  e®ct*ve  length  of 

resonator)?  Or,  perhaps,  are  there  other  reasons  which  may  provide  PC-regime  only  within  geometric-optical  model 
and,  therefore,  determine  selective  mechanisms  which  have  more  universal  character  for  this  scheme  than 
diffractive  one?  To  answer  these  questions  the  analysis  of  average  spatial  parameters  of  base  mode  depending  on 
parameters  of  resonator  for  double-Gaussian  input  speckled  beam  was  carried  out.  It  is  surprising  that  the  scheme 
has  been  revealed  to  avoid  losing  the  selective  capacity  (respecting  to  the  selection  of  the  conjugated  component)  in 
the  peculiar  point  of  parametric  space,  which  satisfied  the  geometry-optical  approximation  (when  JV3  =0). 


2.  SELECTION  OF  PHASE-CONJUGATED  WAVE  IN  GEOMETRIC-OPTICAL 
RESONATOR  WITH  “SHORT”  SELECTIVE  HOLOGRAM 

It  was  pointed  out  in  a  number  of  works8,9,  which  were  devoted  to  peculiarities  of  modes  formed  in  the 
resonator  with  the  unsupported  hologram,  that  the  small-scale  diffraction  (both  in  hologram  and  in  the  feedback 
loop  of  resonator)  must  play  decisive  role  in  providing  of  the  effective  selection  of  the  conjugated  component  in  the 
mode  wave.  This  conclusion  was  made,  in  particular,  on  the  ground  of  analysis  of  the  solution  for  the  zero-mode  in 
geometric-optical  resonator  with  transporting  of  the  recording  wave  £j  image  to  the  recording  wave  £3  by  an 
lens  system,  so  that 


ax 


E3(i)  =  G^(£i(r))  =  M  Ey(Mi)e 


fr) 


E2(t)  =  Gres(E4(!))  =  M  lE4(i/M)e  l*r  (r) 

where  M  =  ay  /  a3  is  the  scaling  factor,  </>y  ,4>r  ( (r  /  M)  =  <f>r  (r) )  are  the  regular  phases  involved  in  image 
by  resonator  lens  system.  The  zero-mode  in  such  resonator  with  unsupported  geometric-optical  hologram,  having 

the  reflectivity  R  =  £EyE3  (so  that  E4  (r)  =  R  •  E2  (r)  has  the  form9: 


E4  (r)  =  constE3  (r)  IT 

i=0 


Eyii/M ) 


(2) 


Therefore,  calculation  of  the  mode  wave  projection  on  the  conjugated  wave  £3  in  accordance  with  the 
expression 

,2 


X  = 


|  E4E3d2 


I  E3E3<f2rf  E4E4d2r 


(3) 


gave  the  following  estimation  (  when  v  =  1  /  M  <  1 ) 


1-  v 
2mmax 


(4). 


The  mmax  is  actually  limited  by  the  ~  int{ln(aj  /  /?j)/ln(M)}  taking  into  account  that  the  terms 

.  2 

Ey(x  /  Ml )  in  (2)  are  approximately  constants  on  the  E3  diameter.  When  obtaining  (4)  it  was  also 

(,>,wmax) 

taken  into  consideration9  that  the  projection  x  is  approximately  equal  to  average  projection  j  in  statistical 

* 

ensemble  of  the  input  wave  £j  realizations  having  the  same  transverse  correlation  function  <  E^(ry)E^  (^)  >  . 


Moreover,  it  was  supposed  that  statistics  in  the  ensemble  were  normal  ones,  the  functions  7j(r  /  M1 )  with 
different  /  were  noncorrelated  between  each  other  on  speckle  scale,  and  the  magnitudes  of  integrals  in  the  (3)  for 
each  realization  of  the  wave  Ey  were  approximately  equal  to  those  averaged  in  statistic  ensemble.  The  latter 

supposition  is  true  due  to  the  ergoditic  hypothesis  which  is  true  when  functions  under  integrals  have  a  lot  of  phase- 
independent  nonhomoneities  (speckles)  on  the  integration  area. 

Therefore,  if  only  the  focusing  of  the  beam  £3  to  the  size  of  a  speckle  of  the  beam  Ey  does  not  take  place 

(whenwjjnax  =0)  that  would  correspond  to  approximation  of  the  supported  Gabor’s  holography,  the  quota  of 
conjugated  component  X  in  the  zero-mode  for  the  unsupported  (  when  mmay  »  1)  geometric-optical  hologram 
has  the  small  magnitude  due  to  (4). 

However,  the  mentioned  above  geometric-optical  hologram,  as  it  was  shown  later7,  is  a  degenerated  case  of 
more  general  solution  for  the  hologram,  which  also  satisfies  the  nondifiractive  approximation  and  has  the  following 

operator  R : 
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(5), 


*  lh 

EA{ r)  =  R[E2]  =  yE3  (r)  J  [E2 (r’ )]£2 (r’ )dz 
0 

where  r'=  x'  xq  '+y  yq  '  =  (xcosp  +zsin^)xQ’+jyQ' ,  £)  -distributions  of  complex  amplitudes  in  cross-section 
which  are  orthogonal  to  propagation  directions  of  corresponding  waves,  (p  is  the  convergence  angle  of  the 
recording  waves  £j  and  £3 . 

This  form  for  the  R  results  from  the  equation 

8Ea  (r)  i  * 

— —  +  —  A ±E4 (r)  +  pEA (r)  =  yE3E1E2  , 
dz.  2  k 

which  describes  the  growth  of  weak  wave  £4 ,  which  is  bom  at  scattering  the  wave  E2  ( £4  «  E2 )  on  the 
volume  gratings  of  hologram  nonsaturated  by  recording  waves  £j  and  £3 .  The  term  pE 4  (r)  is  responsible  for 
change  of  the  wave  £4  amplitude  along  z  due  to  own  amplification  (or  absorption)  of  holographic  nonlinear 
medium.  To  simplify  the  consideration,  the  term  may  be  omitted,  since  it  leads  only  to  substitution  of  real  length  of 
holographic  medium  on  an  effective  hologram  length  lejj-  ^0[  ,3 

Thus,  neglect  of  the  second  diffractive  term  in  the  left  part  of  the  equation  (because  of  JVj  «  1)  results  in  (5). 


So,  taking  into  account  the  (5)  and  (1)  ( £2  (r* )  =  Gres(E4  (r)) ),  the  solution  for  the  zero-mode  is  modified  as 

*  OTmax  ^hol  (  ■  ) 

£4  =  constE3  (r)  II  I  -Mr’/,)  (r/M  (6). 

;=0  0  1  * 

Then,  the  analogous  calculation  for  the  %  under  similar  suppositions  gives  the  following  estimation 

2 

/ 

(7), 


1- 


(1 +g) 


m. 


max 


where 


The  well-known  model  of  a  twice-Gaussian  recording  beam  with  the  following  transverse  correlation  function 
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E\  (ft  )£i  (*2 )  >=  (0)  exp 


'  R  2_ 

\  a\ 


(*) 

2 

Pi 


-  isRSr 


( R  = 


n  +ri 


,dr=rx-r2) 


J 


was  used  in  the  calculations,  too. 

At  the  N2  =  l[j0[  /  b  <  1  the  expression  (7)  is  reduced  to  (4)  because  of  the  g  «  1 .  On  the  contrary,  when 
Nl  =  l hoi 1  b  »  1  nnd  taking  into  account  that  sin^j nax  «  O]  / //,0/ ,  the  g  is  the  small  parameter: 

g  ~  128 ,  where  8  =  py  /  ay  «  1 .  The  expanding  of  the  ^  in  a  power  series  of  the  6  and  the  neglecting  the 

terms  above  the  second  order  gives  the  following  estimation: 

_4  1 -  ln£ 

Z  =  (l-M  Xl  +  lx/2 - 8)  (8) 

In (M) 
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M=1.5 


So,  if  the  sufficient  narrowing  of  the  beam  £3  takes 
place  ( v  «  1,  in  fact,  v  <  03  is  sufficient)  and  if  the 
input  beam  £4  has  well-developed  speckle-structure 

(<?«1),  the  scheme  provides  good  selection  of 
conjugated  wave  even  when  diffractive  mechanisms  are 
suppressed  here  (when  vVj  «  1  and  Lej  res  =  0).  The 

theoretical  dependencies  of  PC-fidelity  %  on  the 

parameters  5  and  V  are  given  on  the  Fig.3. 

Let  us  make  clear  the  received  result  (7-8). 
Parameter  g  has  the  following  physical  meaning,  which 

was  also  in  detail  concidered  earlier7.  After  falling  on  the 

* 

hologram  the  wave  £2  ~  El  >  the  reflected  wave 

Jh 

£4  =  \l\dz  may  be  expressed  as  sum  of  two 

0 

virtual  waves  which  are  correlated  and  noncorrelated  (in 
* 

average)  to  the  £3  : 

£4  =  e4c  +  £4„  =  yih0lhE3  +  E\ n  >  where 


Fig.3.  Theoretical  dependence  of  PC-fidelity  on 
the  degree  of  “geometrical  mixing”  of 
recording  waves  speckles  in  short  hologram  for 
different  parameters  of  scaling  M  and 
speckling  d. 


<E4nE3  >=0. 

It  is  necessary  also  to  say  here  that  the  projection  of  the  E4n  on  the  £3  in  each  realizations  of  statistic 
ensemble  also  has  the  small  value  due  to  ergoditic  principle  |£4K£3A*(j£4„£3A}*0. 

2  2 

Thus,  the  following  parameters  Jlcc  and  Jicn  may  be  introduced,  where  Jicc  =  J  l4cd  r  /  J  Iicd  r. 


31 


2  2 

■cn  ~  J  Und  r  /  J I2 cd  r  are  reflectivities  of  the  conjugated  wave  £3 


-  £j  in  conjugated  and  nonconjugated 


components  of  wave  £4  ,  correspondingly.  Under  this  interpretation  parameter  g  is  ratio  Jlcn  /  3icc . 

Therefore,  the  selective  function  of  “short”  hologram  in  the  above  case  ( N2  »  1 )  consists  in  essential 

* 

reduction  of  the  noise  E4n ,  the  reason  for  which  is  the  conjugated  wave  £2  ~  £j  itself.  However,  despite  the 
small  quota  ( g  «  1 )  of  that  own  noise  appearing  after  each  act  of  reflecting  of  the  conjugated  component  from  the 
unsupported  hologram,  the  general  quota  of  the  noises  is  increasing  fast  with  the  growth  of  round  trips  number  m, 
which  provides  the  nonstationaiy  phase  of  establishing  the  mode  in  the  resonator  and  which  is  just  limited  by  the 
mmax  •  Thus,  the  accumulation  of  the  own  noises  in  the  mode  and,  consequently,  the  change  of  their  relative  quota 
occurs  only  during  the  nonstationary  phase  of  mode  establishment. 

In  fact,  the  estimation  (7)  must  be  considered  as  lowest  one  for  the  % .  It  is  connected  with  the  fact  that  there  is 

an  intermediate  range  <i  <  mmax(M,6)  within  which  the  ground  of  power  function  in  the 

denominator  of  the  (7)  is  changed  smoothly  from  the  ( 1  +  g )  to  1. 
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So,  the  above  analysis  gives  possibility  to  specify  the  mechanisms  which  are  responsible  for  the  spatial 
structure  capturing  of  mode  wave  by  signal  wave,  when  there  is  no  diffraction  in  the  scheme.  The  resonator  and  the 
hologram  play  joint  and  mutually  complementary  roles  in  supplying  these  mechanisms: 

-first  of  all,  the  resonator  together  with  “short”  selective  hologram  ( «  1 ,  but  »  1  )  guarantees  the 

absolute  convergence  to  the  mode  solution  (6)  independently  on  the  initial  spatial  distribution  in  primary  wave  in 
the  resonator.  It  means,  in  particular,  that  resonator  does  not  allow  the  solutions  of  the  following  type 

£4  =  F(i)E3  +  E4n  ,  (<  E4nE3  >=  0 ), 

where  f  FI3d2r  =  0  and,  therefore,  }  £4 £3  d2r*(jE4E3d2  r)  a  0 .  The  similar  spatial  structures  are 

forbidden  in  the  resonator  since  all  of  them  do  not  satisfy  the  requirement  of  spatial  resonance,  which  is  necessary 
condition  for  mode  solution,  except  for  the  case  when 

F(r)  =  rUi(r/M')>0  (that is  J Fl^x  >  0 ); 
r=0 

-second  reason,  connected  partly  with  the  first,  is  that  nonconjugated  (or  noise)  component  in  the  zero-mode 
originates  only  from  conjugated  wave  itself,  as  result  of  partial  or  distorted  reconstruction  of  information  on  the 
* 

wave  £3  in  the  reflected  wave  £4 .  Therefore,  the  relative  quota  of  the  own  noises  in  this  mode  depends  both  on 

* 

the  quota  of  noise  appearing  after  each  act  of  reflecting  of  the  conjugated  component  £j  during  the  nonstationary 

phase  of  establishing  the  mode  solution  and  on  the  duration  of  this  phase,  when  the  accumulation  of  these  noises 
occurs.  That  is  why,  the  general  quota  of  noise  in  zero-mode  may  be  effectively  minimized  by  means  of  hologram 
itself  because  of  Jlcn  /  Rcc  «  1  as  well  as  due  to  the  necessary  curtailing  the  nonstationary  phase  in 

development  of  the  mode  wave. 

There  is  nothing  to  be  changed  in  the  scheme  basically  after  supplementary  introduction  of  the  diffraction  in 
the  feedback  loop  (Lejy  res  *  0 ):  the  above  statements  remain  the  same.  The  influence  of  the  diffraction  leads 

only  to  faster  rate  of  establishing  of  mode  wave  in  the  resonator  and  to  the  corresponding  reduction  of  the  general 
noise.  In  this  case  =  1  —  g  1 

3.  EXPERIMENT 

3.1.  Setup. 

The  scheme  of  the  experimental  setup  is  shown  in 
Fig.4.  The  input  speckle-wave  £j  (Fig.5.b)  in  the  manner 
of  Q-switch  spectral-limited  pulse  with  duration  of  30  ns 
together  with  the  wave  £3,  in  which  the  wave  £j  is 

transformed  as  a  result  of  the  passing  along  the  feedback 
loop,  records  a  hologram  of  inverted  popularity  in  the 
YAG:Nd-amplifier  2  (08  100 mm ).  Polarizers  3  and  5  are 
nearly  self-crossed,  so  that  the  recording  signal  wave  is  first 
greatly  weakened  after  5  and  then,  after  passing  the 
amplifiers  6,  is  transformed  into  the  wave  £3,  whose 
energy  density  equals  approximately  to  the  one  of  the  wave 
Ei-  The  optical  “diode”  7  (Faraday  cell)  provides 

unidirectional  regime  of  the  generation  in  the  ring 
resonator.  Having  formed  the  resonator  due  to  the 
holographic  mirror  recording,  the  generator  is  below  the 


Fig.4.  The  scheme  of  the  experimental  setup:  1- 
random  phase  plate;  2-holographic  YAG:Nd 
amplifier;  3,5,12-Glan  polarizers;  4-Pockels 
cell;  6-YAG:Nd-amplifiers;  7-  Faraday  cell;  8- 
lenses;  9,10-measurers  of  laser  energy;  11- 
Faraday  rotator. 
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generation  threshold  just  because  of  the  presence  of  self-crossed  polarizers  3  and  5,  in  spite  of  the  fact  that  the  total 
amplification  in  feedback  loop  is  approximately  equal  to  105.  The  opening  of  the  resonator  for  generation  is 
realized  via  operated  delay  (1-4- 100  msec)  by  means  of  electrooptical  Pockels  cells  4.  The  use  of  the  delay  unit 
(3,4,5)  excludes  any  influence  on  mode  forming  process  on  the  part  of  possible  parasitic  “seeds”  from  random 
scattering  of  the  signal  recording  wave  on  the  defects  within  the  optical  system  of  the  resonator.  Lenses  8  provide 
guiding  without  aperture  losses  of  the  recording  beam  and,  when  necessaiy,  the  transporting  the  image  from  the 
zero  diffractive  order  of  the  hologram  to  its  first  order  through  the  feedback  loop  of  the  resonator. 

The  output  generation  wave  has  linear  polarization  which  is  orthogonal  to  one  of  the  . 

The  random  phase  plates  1,  used  in  the  experiments  for  speckling  of  the  signal  wave  £),  had  divergences  © 
(©  is  the  half-width  on  level  e'1  of  maximum),  which  were  equal  (in  radian)  to  ~  10'3  and  2.5  x  10'3.  At  the  radius 
oq  =  1.5 mm  of  the  Gaussian  beam  Eq  on  the  phase  plate  entrance,  the  corresponding  parameters 

2 

-  were  approximately  equal  to  1/5  and  1/12.  The  parameter  Aj  is  defined  as 

fojQ© 


8  =  Pl/al  = 


0 


dif 


© 


Ni  = 


n 


leff.hol  leff.holM 


2  ~2 . 


zcorlzcor3 


zcorl 


where  zcorl  =  nYAGk0a  1 8  ( nYAG  ~  18 


k0  = 


2n 


■); 


1.06  fjm 

leff  hoi  *  !rod  /  (Slrod )  -  cxP(glrod )  ~  10  is  nonsaturated  gain  of  the  holographic  active  medium;  / (x)is  the 

factor,  conditioned  by  amplification  of  the  recording  waves  £j  and  £3  in  the  hologram.  In  particular,  for  weak 
saturation  of  the  holographic  active  medium  by  the  recording  waves  and  for  counter-geometry  of  these  waves 

v2 


convergence3,  the  factor  / (x)  is  equal  to 


z(exp(x)  - 1) 


~  0.7.  Therefore,  when  the  amplifier  2  has  length  lrocj 


*(exp(2x)  -  l) 

of  10  cm  and  with  radius  a\  being  equal  2.5  mm,  the  hologram  corresponds  to  the  approximation  of  the  “short” 


(nondiffractive)  hologram:  for  maximum  M  »  2  in  the  experiments,  Ny  is  equal  to  0.05  (for  5  «  1  /  5)  and  to  0.3 
(for  6*  1/12). 

The  measurement  of  the  relative  quota  of  the  conjugated  component  %  was  provided  by  calorimetric 
measurers  of  laser  energy  9  and  10.  The  measurer  9  in  the  near-zone  measured  the  full  energy  of  the  generation 
wave,  the  measurer  10  in  the  far-zone  (~10  m)  registered  only  the  energy  of  the  conjugated  component. 


3.2.  Results. 

According  to  (7)  the  relative  quota  of  the  conjugated  component  X  *n  the  mode  wave  in  the  neighborhood  of 
the  parametric  space  singularity,  satisfying  the  geometric-optical  approximation,  depends  both  on  the  scale 
parameter  M  and  on  the  degree  5  of  “speckling”  of  the  input  wave  .  That  is  why  the  measurement  of  the  X 
was  carried  out  in  the  experiments  with  resonator,  transporting  the  image,  for  three  different  parameters  M  (0.7, 
1.4  and  2)  and  for  signal  speckle-waves  Ey  with  two  different  8  (1/5  and  1/12).  The  experimental  data  and 
corresponding  theoretical  estimations  are  given  in  Table  1. 
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When  the  M  was  equal  to  0.7  the  generation  wave 
with  conjugated  component  was  not  registered  in  the 
scheme.  This  is  in  accordance  with  theoretical 
expectation,  because  the  mode  (6)  comprising  the  nonzero 
conjugated  component  must  not  exist  in  the  geometric- 
optical  resonator  if  M  <  1 . 

Somewhat  higher  values  for  the  X  >  when  M  =  1.4 , 
are  explained  by  above  mentioned  fact  that  estimation  (7) 
appears  really  to  be  lowest  one  for  the  X  ■ 

Considerable  disagreement  between  the  experiment 
and  the  theory,  when  M  =  2,  has  apparently  more 
principal  reason.  To  explain  this  properly,  it  is  necessary 
to  appeal  to  other  facts  revealed  in  the  experiments. 

As  a  matter  of  fact,  the  generation  threshold  in  the 
YAG:Nd  scheme  with  holographic  mirror  turns  out  to  be 
very  close  to  the  threshold  of  self-excitation  of  a  loop 
scheme  which  is  the  same  optical  system  except  for  the 
hologram  recorded  by  external  signal  wave.  The  possible  explanation  to  the  proximity  of  these  thresholds  is  that  the 
self-excitation  also  occurs  on  gain  gratings,  which  are  self-started  in  the  amplifier  2,  where  optical  axis  of  the  loop 
system  is  self-crossed.  It  is  likely  that  the  gratings  are  formed  initially  by  a  weak  noise  radiation  of  some  parasitic 
linear  resonator  which  may  occur  even  on  slight  defects  of  active  rods  under  such  a  large  amplification  inside  the 
loop.  The  possibility  of  such  mechanisms  in  similar  loop  schemes  based  on  the  YAG:Nd  active  medium  was 
mentioned,  for  example,  in  2. 

Therefore,  after  switching  the  Pockels  cell  4,  the  scheme  is  opened  for  the  generation  of  mode  wave  (6),  which 
occurs  on  the  gain  saturation  hologram,  which  has  already  been  recorded  by  the  signal  wave  -  £3 ,  as  well  as  for 

the  parasitic  generation  of  self-excitation  happening  on  self-started,  supplementary  gain  grating-;  Such  joint 
development  of  “useful”  mode  wave  (6)  and  of  the  “parasitic”  wave  of  the  self-excitation  in  the  ring  resonator  may 
lead  to  their  independent,  additive  contribution  in  the  output  radiation,  as  well  as  to  the  competitive  effects  which 
are  able  to  reveal  themselves  during  the  nonlinear  phase  of  the  holographic  active  medium  saturation  by  these 
waves.  In  particular,  considerable  nonstability  of  the  generation  wave  energy  in  the  series  consisting  of  the  20-30 
shots  was  observed.  It  took  place  in  spite  of  the  fixed  parameters  of  resonator  and  hologram,  such  as  M,<p,S ,  and 

for  rather  stable  energy,  temporal,  spatial  and  spectral  properties  of  signal  wave  Ey  This  energy  nonstability, 

which  was  about  50-60%  of  average  energy,  may  serve  as  an  argument  of  the  competition  existence,  though  the 
physical  mechanisms  of  this  presumed  competition  have  not  been  clear  in  detail  and,  therefore,  should  be  a  subject 
of  individual  consideration.  Besides,  it  is  surprising  that  contrary  to  the  above-mentioned  energy  nonstability  in  the 
output  radiation,  the  relative  quota  of  the  conjugated  component  X »  as  well  as  the  energy  of  self-excitation 
radiation  measured  in  the  loop  scheme  when  there  was  no  signal  wave,  were  stable  enough.  Their  nonstabilities 
were  about  5%  within  each  series  of  the  kind. 

Thus,  the  ratio  of  the  thresholds  of  mode  wave  and  self-exiting  wave  and,  consequently,  the  relative 
contribution  of  these  waves  to  the  output  radiation  depends,  in  particular,  on  the  scale  parameter  M .  It  is  true, 
because  the  larger  narrowing  the  beam  £3 ,  the  bigger  the  aperture  loss  on  the  holographic  mirror  and  the  higher, 

therefore,  the  generation  threshold  for  mode  wave  (6).  But  at  the  same  time  the  threshold  for  the  parasitic 
generation  remains  unchangeable  since  it  is  not  bound  to  the  hologram  aperture.  So,  when  M  was  equal  to  1.4,  the 
energy  of  self-excitation  measured  in  the  loop  scheme  (signal  wave  Ey  was  absent)  made  up  only  10-15%  of  the 

full  energy  of  the  holographic  generator  output  radiation  (when  signal  wave  was  present).  On  the  contrary, 

when  M  was  equal  to  2,  the  former  was  about  40-50%  of  the  latter,  giving  considerable  supplementary 
contribution  to  nonconjugated  component  of  holographic  generator  output  radiation  and  explaining  satisfactorily 
the  above-mentioned  disagreement  between  the  experiment  and  the  theory. 


Ta 

blel. 

0.7 

1.4 

2 

Y  1 

'’“'theory  . 

1/5 

0 

0.3 

0.6 

0 

0.510.05 

0.410.05 

X  ' 

» «exper.  j 

1/12 

0 

0.37 

0.7 

0 

0.4210.04 

0.4510.05 

Tablel.  The  dependence  of  relative  quota  of 
conjugated  component  X  *n  generation  wave 
on  parameters  of  scaling  M  and  recording 
wave  speckling  8 :  X  theory  is  qu°ta 
estimated  according  to  theoretical  model; 
X exp  er.  K  Quota  measured  in  experiment. 
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The  spatial  structures  of  the  recording  and  generation  beams  are  shown  in  Fig.  5.  The  maximum  energy  of 
generation  wave  of  25  mJ  was  achieved  at  the  input  signal  energy  of  5  mJ  (for  M~1.4). 

It  should  be  mentioned  too  that  the  diffractive  mixing  additionally  in  the  feedback  loop,  when  parameter  N3 
exceeded  1,  resulted  in  the  growth  of  PC  quality  up  to  75%. 

The  frequency  of  pulse  repetition  in  the  experiment  was  varied  from  1  to  30  Hz.  The  preliminary  experiment 
has  shown  that  output  radiation  average  power  increased  proportionally  to  the  pulse  repetition  frequency  and 
significant  deterioration  in  the  spatial  structure  of  the  output  wave  was  not  revealed,  comparing  with  the  single¬ 
pulse  regime. 

It  is  necessary  to  note  in  conclusion  that  assumptions  about 


3  mm 


temporal  steadiness  of  hologram  and  about  its  operator  R 
independence  on  the  generation  wave  parameters  limit  the  set 
of  possible  generation  regimes  in  the  oscillator,  which  satisfy 
the  above  assumptions.  Taking  into  account  back  influence  of 
generation  wave  on  the  hologram  is  necessary,  for  example,  for 
permanent  generation  regime.  It  is  more  important  when 
dealing  with  hologram  of  gain  saturation,  since  under 


Fig.5.  The  space  structures  of  radiation-  of  conditions  of  saturation  parameters  identity  of  loop  amplifiers 
the  master  oscillator  E0  (a);  of  the  recording  311(1  holographic  medium,  the  generation  wave  always  saturates 
speckle-wave  Ex  in  the  nonlinear  medium  (b);  hologram.  However,  the  Q-switch  regime  with  generation  of 
of  the  generation  wave  Et  (c)  in  far  zone  short  giant  pulse,  realized  in  the  holographic  resonator,  is  quite 


(~10m),  after  passing  the  phase  platel. 


adequate  to  the  adopted  model.  Indeed,  in  the  above  regime  the 
mode  forming  occurs  during  rather  long  linear  phase  (which  is, 
however,  much  less  than  life-time  of  gain  gratings)  when  the  above  back  influence  may  be  neglected. 
Nonhomogeneous  saturation  of  hologram  by  generation  wave  during  short  nonlinear  phase  limits  mostly  the  energy 
of  output  radiation,  not  affecting  considerably  the  formed  distribution  in  the  mode  wave. 


4.  CONCLUSIONS. 


The  above  analysis  has  shown  that  “diffractive  mixing”  of  recording  speckle-waves  in  the  hologram  volume 
and  in  the  feedback  loop  of  the  ring  holographic  resonator,  being  a  desirable  condition  though,  is  not  a  necessary 
requirement  of  the  above  capture-regime.  The  absence  of  the  diffractive  mechanisms  of  conjugated  component 
selection  is  compensated  entirely  by  mutual  acting  of  the  hologram  and  resonator,  which  satisfy  the  geometric- 
optical  approximation.  On  the  one  hand,  due  to  the  requirement  of  spatial  resonance  for  mode  solution,  the 
holographic  resonator  does  not  support  those  spatial  structures,  in  case  of  which  the  short  hologram 
( Ni  « 1,  Nj  »  1 )  appears  to  be  not  selective.  On  the  other  hand,  the  noise  of  the  zero  mode,  which  is  always 

* 

produced  after  reflecting  of  exactly  conjugated  wave  from  the  unsupported  hologram,  is  reduced  effectively  too, 
when  Nj  »  1  and  when  the  nonstationary  phase  of  mode  establishment  mmax  is  short  enough.  It  occurs  as  the 

result  of  recovery  of  the  “quasi-supporting”  in  the  hologram  due  to  providing  of  the  good  mutual  “geometric” 
mixing  of  recording  speckle-waves  in  its  volume,  as  well  as  under  condition  of  sufficient  focusing  M  of  the  beam 
£3  to  the  beam  £j . 

The  competitive  effects  between  mode  wave  and  parasitic  self-exiting  wave  may  explain  the  observed 
peculiarities  of  generation  and  some  disagreement  between  experiment  and  theoretical  model. 
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Abstract 

A  high-energy  phase-conjugate  mirror  (PCM)  /  Nonlinear  Isolator  (NLI)  based 
on  pressurized  methane  was  tested  to  the  5  J  level,  using  200  ns,  300  MHz  bandwidth 
pulses  from  a  phase  conjugated  multiple  Nd:glass  amplifier.  Performance  was  good 
when  a  50  cm  focal  length  lens  was  employed.  With  a  25  cm  lens,  PCM  performance 
was  good  except  when  gas  breakdown  occurred.  In  the  presence  of  gas  breakdown, 
reflectivity  and  return  beam  quality  dropped.  NLI  isolation  was  aided  by  breakdown. 
A  model  was  developed  that  shows  that  if  breakdown  occurs  for  a  short  focal  length 
lens,  then  increasing  the  focal  length  raises  the  breakdown  threshold  but  does  not 
eliminate  the  problem  at  all  input  energies.  This  is  a  consequence  of  the  fact  that  as 
input  energy  increases,  the  amount  of  energy  leaking  into  the  focal  region  increases 
faster  than  the  breakdown  threshold  increase  due  to  temporal  broadening  of  the  leaked 
pulse.  High  reflectivity  (>  80%)  single-cell  tight-focus  PCMs  are  feasible  for  use  at  the 
10  J  level,  but  as  an  NLI  appears  limited  compared  to  glass  based  Faraday  rotators. 

L  Introduction 

High  brightness  multi-joule  (>3  J)  lasers  can  be  built  based  on 
Phase-Conjugated  Multiple-Pass  Amplifiers  (PCMPAs).(1)  Such  lasers  always  have  a 
Phase  Conjugate  Mirror  (PCM)  that  reflects,  with  high  fidelity,  a  greater  than  1  J  input 
pulse,  and  they  may  utilize  a  Nonlinear  Isolator  (NLI)  that  must  reflect  with  high 
efficiency  and  fidelity  a  beam  nearly  or  exactly  equal  to  the  laser  output  energy.® 

PCMs  for  pulsed  laser  systems  are  generally  based  on  stimulated  Brillouin 
scatter  (SBS)  in  liquids  or  gases.®  In  their  simplest  configuration,  a  tight  focus  PCM 
consists  of  a  cell  housing  the  active  medium,  together  with  a  focusing  lens  at  the  cell’s 
front  and  a  beam  dump  at  the  cell’s  rear.(4)  High  energy  PCMs  often  consist  of  a  tight 
focus  cell  preceded  by  a  Brillouin  amplifier  wherein  a  collimated  beam  of  light 
propagates  towards  the  tight  focus  cell  and  interacts  with  the  reflected  beam.®  The 
BA  then  protects  the  tight  focus  PCM  from  excessive  energy  loads.  An  alternative  to 
this  two  cell  arrangement  is  to  use  a  long  focal  length  concentrating  lens  as  well  as  an 
active  medium  suitable  for  high  energy  operation.®  While  it  has  been  stated  in  the 
literature  that  a  PCM  should  be  used  only  within  a  factor  of  ten  from  its  threshold  if 
high  fidelity  is  to  be  achieved, (7)  we  have  found  that  if  breakdown  can  be  eliminated  in 
a  tight  focus  geometry,  then  the  dynamic  range  can  be  considerably  larger,  in 
agreement  with  other  published  work.® 
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An  NLI  is  a  high  reflectivity  PCM  fashioned  as  a  Newtonian  telescope.®  It 
acts  as  a  power  limiter  by  reflecting  pulsed  laser  light  and  reducing  transmitted  power 
to  the  SBS  threshold  level.  An  NLI  is  useful  when  the  forward-transmitted  power  is 
less  than  the  SBS  threshold  and  the  backward  propagating  power  is  substantially 
greater.  Initially,  we  developed  NLIs  that  used  CCI4  or  CS2  in  PCMPAs  where  the 
NLI  incident  energy  was  <  0.5  J.  It  was  found  to  be  particularly  useful  when  moderate 
beam  depolarization  occurred  or  when  Faraday  rotator  damage  was  a  problem. 

A  Nd:Cr:GSGG  PCMPA  developed  by  us  utilized  a  high  energy  PCM  based  on 
methane  in  a  cell  with  a  50  cm  focal  length  lens.(9)  CH4  was  selected  because  it  was 
found  to  have  the  best  response  to  multiple  longitudinal  mode  pulses  as  produced  from 
etalon  narrowed  but  unseeded  oscillators.  Energy  into  the  PCM  was  1 .2  J. 

In  this  work,  results  are  presented  on  high  energy  PCMs  /  NLIs  tested  up  to  the 
5  J  level.(10)  Parameters  measured  were  the  input,  reflected,  and  transmitted  energies. 
Also  determined  was  the  possible  presence  of  laser  induced  methane  breakdown.  Not 
only  does  this  work  extend  the  tested  range  of  our  high  energy  PCMs,  but  it  also 
quantifies  the  performance  of  high-energy  gas  NLIs.  The  important  adjustable 
parameter  dominating  the  SBS  light-CH4  interaction  during  NLI  operation  is  the  gas 
pressure,  which  determines  the  SBS  threshold  and  thus  the  amount  of  energy  that  can 
be  propagated  in  the  forward  direction  together  with  the  reflectivity  of  the  light 
propagating  in  the  backwards  direction.  A  lower  limit  on  pressure  is  imposed  by 
breakdown.  Breakdown  threshold  can  be  increased  by  using  longer  focal  length  lenses, 
thus  reducing  the  focused  intensity  (while  proportionally  increasing  the  interaction 
length).  We  show  here  the  ability  to  configure  an  NLI  with  sufficient  forward 
transmission  and  backwards  isolation  to  efficiently  mate  a  Q-switched  oscillator  with  1 
cm  diameter  Nd:Cr:GSGG  and  to  provide  high  energy  protection  needed  with  a 
Nd:  glass  quadruple  pass  PCMPAs. 


n.  Experimental  setup 

Figure  1  shows  a  figure  of  the  experimental  setup. 


Calorimeter  (refl) 


Figure  1  -  Setup  for  measurement  of  high  energy  PCM  /  NLI  performance. 

Three  calibrated  calorimeters  measured  input,  reflected  and  transmitted 
energies. 

The  laser  was  the  same  as  used  in  previous  high  fluence  Faraday  rotator  (FR) 
testing  with  the  exception  that  Terbium  Gallium  Garnet  FRs  were  replaced  with  high 
damage  threshold  Tb:glass  FRs.(10)  Particular  effort  was  made  to  eliminate  feedback 
and  gain  saturation  effects  that  could  substantially  alter  pulse  duration.  Thus,  despite 
the  fact  that  amplifier  pulse  forming  network  (PFN)  voltages  were  varied  to  control 
energy,  pulse  duration  variations  were  less  than  what  would  materially  affect  scaling  of 
parameters  with  input  energy.  Pulse  duration  into  the  NLI  was  set  at  200  ns. 

Isolation  against  PCM  back-reflections  was  provided  by  a  polarizer  and  1/4X 
plate.  It  was  confirmed  that  back-reflections  did  not  affect  any  PCMPA  output 
parameters,  despite  the  fact  that  the  pulse  duration  was  long  enough  to  cause  the 
leading  edge  of  any  leakage  pulse  to  experience  unsaturated  amplifier  gain.  Use  of  the 
1/4A,  plate  resulted  in  circular  input  polarization  to  the  PCM  /  NLI. 

Diagnostics  used  were  calibrated  Ophir  volume  absorbing  calorimeters.  Input 
and  reflected  light  calorimeters  had  3-AP  detector  heads,  and  picked  off  4%  reflections 
from  an  uncoated  BK7  2°  wedged  beam-spliter  placed  at  a  small  angle  to  the  optical 
axis.  When  necessary,  calibrated  neutral  density  filters  were  used.  Transmitted  light 
was  measured  with  a  30-AP  detector  head.  Absolute  calibration  accuracy  was  ±5%. 

The  PCM  /  NLI  cells  were  based  on  stainless  steel  tubes  to  which  were  affixed 
planocovex  lenses  of  1  cm  thickness  that  also  acted  as  high  pressure  windows.  These 
cells  have  retained  integrity,  up  to  the  maximum  140  atm  available,  with  a  pressure 
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drop  of  less  than  1  atm  per  2  years  (Full  scale  lifetime  test  being  performed  at  the 
Naval  Research  Laboratory  on  a  Soreq  high  pressure  CH4  PCM).  Cell  lengths  were 
machined  to  match  the  focal  lengths  of  the  focusing  and  recollimating  lenses  used.  No 
internal  focusing  mechanism  was  available  but  the  NLI  output  was  more  than 
adequately  collimated  for  these  tests.  Identical  lenses  were  used  to  focus  and 
recollimate  the  beam,  so  internal  NLI  magnification  equaled  one.  Two  lens  sets  were 
used  with  focal  lengths  of  25  and  50  cm.  This  provided  a  factor  of  four  focal  spot 
intensity  difference,  which  was  sufficient  to  differentiate  between  interactions 
dominated  by  breakdown  or  by  stimulated  Brillouin  scatter.  As  has  been  shown 
theoretically  and  proved  experimentally,  the  SBS  threshold  for  a  tight  focus  geometry 
is  independent  of  lens  focal  length.(11)  Breakdown,  however,  scales  proportionally  with 
the  focal  length  squared,  since  it  is  an  intensity  dependent  phenomenon. 

The  PCM  /  NLI  active  medium  was  gas  phase  methane  (CH4).  Residual  air 
concentration  was  reduced  to  <2x1  O'3  prior  to  final  filling  by  twice  filling  the  cell  and 
feed  lines  to  50  atm  and  then  bleeding  off  the  gas  till  the  pressure  dropped  to  less  than 
5  atm.  With  a  final  filling  to  20  atm  (the  lowest  pressure  tested)  the  residual  air 
concentration  dropped  to  <5x1  O'4.  The  purity  of  the  bottled  CH4  was  99.9%. 

III.  Experimental  results 

The  first  tests  confirmed  that  the  PCM  was  not  interacting  with  the  pump  laser 
and  that  all  light  was  at  1053  nm.  The  PCMPA  was  fired  without  the  oscillator  and  the 
presence  of  self-oscillations  was  sought.  None  were  found,  showing  that  no  coupling 
was  occurring  prior  to  opening  of  the  oscillator  Q-switch.  The  entire  laser  was  fired 
under  high-energy  conditions  and  the  laser  pulse  shape  was  compared  with  and  without 
the  presence  of  the  PCM  reflection.  No  pulse  distortion  was  observed  so  as  to  confirm 
the  absence  of  coupling  to  the  PCMPA  0°  dielectric  mirror  and  PCM.  A  45°  1053  nm 
high  reflectivity  mirror  was  placed  between  the  NLI  output  window  and  the 
transmitted  light  calorimeter  to  check  for  the  existence  of  Stimulated  Raman  Scatter 
which  would  shift  the  light  wavelength  to  1 390  nm.  A  null  result  occurred. 

What  was  observed  early  in  the  experiment  was  gas  breakdown  in  the 
interaction  region  of  the  25  cm  focal  length  lens.  Not  only  did  reflectivity  and 
transmission  measurements  behave  anomalously,  but  also  a  distinct  ping  was  heard 
from  the  cell,  and  after  a  few  shots,  a  pile  of  ash  could  be  seen  on  the  cell  floor  beneath 
the  focal  region.  All  of  these  phenomena  were  indicative  of  gas  breakdown. 

It  was  thus,  confirmed  that  the  input  pulse  was  clean,  that  all  of  the  output 
photons  were  at  1053  nm,  and  that  the  interactions  were  SBS  and  gas  breakdown. 

Results  using  the  25  cm  focal  length  lens  set  are  shown  in  figures  2,  3,  and  4, 
while  results  using  the  50  cm  lens  are  shown  in  figures  5,6,  and  7.  Three  parameters 
are  plotted  as  functions  of  input  energy:  reflectivity,  transmission,  and  collected 
fraction  of  input  energy.  The  collected  fraction  of  input  energy  (sum  of  the  PCM 
reflection  and  NLI  transmission)  is  evaluated  because  it  indicates  the  occurrence  of 
other  phenomena  such  as  light  scattering  and  absorption.  These  phenomena  may  occur 
with  gas  breakdown.  While  scattering  and  absorption  may  increase  NLI  contrast  and 
may  even  surpass  the  isolation  effectiveness  of  SBS,  the  mechanisms  that  cause  such 
effects  may  compete  with  SBS  and  may  interfere  with  the  reflection  process. 


Figure  2  -  Reflectivity  of  the  CH4  PCM  Figure  3  -  Transmission  through  PCM  / 
/  NLI  as  a  function  of  input  energy  for  NLI  as  function  of  input  energy  for 
various  fill  pressures.  Focusing  and  various  fill  pressures.  Focusing  and 
recollimating  lenses  had  25  cm  focal  recollimating  lenses  had  25  cm  focal 
lengths.  lengths. 
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Figure  4  -  Total  measured  energy  check  sum  (PCM  reflected  plus  NLI 
transmitted  energies  divided  by  input  energy).  Small  values  imply  absorption 
and  /  or  scatter. 


PCM  reflectivity 


Figure  5  -  Reflectivity  of  the  CH4  PCM.  Figure  6  -  Transmission  through  NLI. 
Focusing  lens  had  50  cm  focal  length.  Focusing  and  recollimating  lenses  had 

50  cm  focal  lengths. 


Figure  7  -  Total  measured  energy  check  sum  (PCM  reflected  plus  NLI 
transmitted  energies  divided  by  input  energy). 


Breakdown  was  never  heard  in  any  of  the  50  cm  focal  length  experiments.  In 
those  tests  a  maximum  of  2.3  J  was  input  into  the  PCM  while  the  CH4  pressure  was 
varied  between  20  and  105  atm..  When  using  the  25  cm  focal  length  lens,  breakdown 
was  heard  above  threshold  input  energies  that  varied  with  CH4  pressure.  The 
measured  dependence  is  shown  in  figure  8. 

If  no  other  factors  were  dictating  PCM  /  NLI  fill  pressure,  then  the  results 
show  that  breakdown  can  be  overcome  by  going  to  high  enough  pressure.  Pressure  is, 
however,  not  an  independent  parameter  in  an  NLI.  It  determines  the  amount  of  energy 
that  can  be  transmitted  in  the  forward  direction.  This  is  seen  in  the  PCM  reflection 
curves.  Well  defined  threshold  values  are  seen  in  figures  2  and  5  (input  energy  at  the  1 
%  reflectivity  level).  SBS  threshold  as  a  function  of  pressure  is  plotted  in  figure  9. 

As  an  example,  assume  that  40  mJ  must  be  transmitted  through  the  NLI  while  2 
J  of  backwards  propagating  light  must  be  blocked.  To  transmit  40  mJ,  the  NLI 
pressure  must  be  kept  at  below  40  atm  (figure  9).  To  reflect  2  J  without  breakdown 
using  a  25  cm  lens  requires  a  pressure  greater  than  80  atm  (figure  8).  These  two 
conditions  are  incompatible,  so  a  25  cm  lens  cannot  be  used.  For  most  high  energy 
applications,  it  appears  that  a  25  cm  focal  length  lens  is  too  short  to  avoid  breakdown. 
A  50  cm  lens  appears  appropriate  for  most  of  our  near  term  applications,  and  the 
scaling  appears  such,  that  should  very  high  energy  NLIs  be  required,  then  longer  focal 
length  lenses  can  be  used  (space  permitting). 


Pressure  -  atm. 

Figure  8  -  Dependence  of  breakdown  Figure  9  -  Stimulated  BriUouin  Scatter 
threshold  on  CH4  pressure  for  a  25  cm  threshold  as  a  function  of  CH4  pressure 
PCM  focusing  lens.  for  25  and  50  cm  focal  length  lenses. 
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It  may  be  noted  that  the  SBS  threshold  scaling  with  pressure  is  very  different 
for  these  long,  narrow  bandwidth  but  multiple  longitudinal  mode  pulses,  than  was 
observed  in  the  past  with  short  (17  ns)  single  longitudinal  mode  pulses.  We  here 
measured  a  threshold  that  scaled  roughly  with  the  inverse  of  pressure  squared,  while 
the  previous  conditions  resulted  in  a  linear  scaling  with  the  inverse  of  the  pressure  (as 
expected  by  steady-state  theory  for  transform  limited  pulses).  It  appears  that  the 
scaling  difference  is  due  to  pulse  duration  and  /  or  laser  bandwidth,  and  not  due  to 
breakdown,  because  figure  8  and  9  show  that  breakdown  using  the  25  cm  lens 
occurred  above  the  SBS  threshold,  and  because  the  25  and  50  cm  lens  SBS  threshold 
results  were  very  similar  while  breakdown  did  not  occur  with  the  50  cm  lens. 

Despite  the  anomalous  SBS  threshold  scaling  with  pressure,  figure  9  shows,  to 
the  accuracy  of  the  experiment,  that  the  SBS  threshold  is  independent  of  lens  focal 
length  and  this  is  as  expected  by  theory. 

Examination  of  reflectivity  curves  show  that  PCM  reflectivity  can  be  high  (>80 
%)  in  the  absence  of  breakdown.  This  is  adequate  for  a  PCM  used  in  a  multiple-pass 
amplifier  if  the  reflected  beam  fidelity  is  good.  It  was  found  that  the  beam  was  well 
behaved  in  the  absence  of  breakdown.  When  breakdown  occurred,  near-field  beam 
aberrations  occurred.  The  most  dangerous  of  these  was  the  generation  of  filaments  or 
hot  spots. 

The  25  cm  focal  length  lens  results  showed  that  despite  the  fact  that  at  some  fill 
pressures  the  SBS  threshold  was  reached  first,  breakdown  eventually  occurred.  With 
the  50  cm  lens,  breakdown  was  not  observed  up  to  the  2  J  level  for  all  pressures.  It  is 
desired  to  run  the  NLI  up  tolO  J,  so  the  question  arises  as  to  whether-or-not 
breakdown  free  performance  can  be  assumed.  The  answer  is  no.  To  see  this,  consider 
the  following  idealized  model.  Steady-state  SBS  theory  indicates  that  the  peak 
intensity  reaching  the  rear  of  the  interaction  region  should  remain  constant  and  equal  to 
the  SBS  threshold  intensity,  for  input  above  threshold.  In  a  tight  focus  geometry,  the 
rear  of  the  interaction  region  is  the  concentrating  lens  focal  spot.  The  forward  edge  of 
the  interaction  region  is  determined  by  the  instantaneous  laser  beam  power  and  moves 
towards  the  lens  during  the  laser  pulse  rise-time.  If  one  compares  pulses  of  equal 
fiill-width  half-maximum  duration  (xiaser)  but  of  different  peak  powers  (Pmax),  then  the 
effective  pulse  width  of  the  light  reaching  the  focal  spot  (xtrans)  is  larger  for  the  more 
powerful  pulse.  This  is  because  the  SBS  cuts  the  input  pulse  at  a  power  level  equal  to 
the  SBS  threshold  power  (Pth-sBs).  For  a  Gaussian  input  pulse  of  the  form: 

P  =  Pmaxe_2'77(t/T,a“r)2  O) 

the  width  of  the  truncated  Gaussian  pulse  reaching  the  rear  of  the  interaction  region  is: 

1/2 

^trans  *  laser  ^  ) 

where  ^sPmax/Pth.SBS  is  the  number  of  times  above  SBS  threshold  we  are  working.  The 
energy  transmitted  to  the  rear  of  the  interaction  zone  (Etrans)  is  given  by: 

1/2 

^trails  *  Pth-SBSxtrans  =  l*20Ptj,_SBSTjaser|lll|£|j  (  3  ) 


The  dielectric  gas  energy  breakdown  threshold  has  a  pulse  duration  dependence  that 
scale  as: 


^BD-trans  *  EBd -0 (T trans  ^BD-o)^  ,  s 

(  4  ) 

=  ® BD - 0 ®*th -SBS )^  ( T laser  !  TBD-©)^[H^I] 

where  variables  with  a  “BD-0”  subscript  denote  measured  breakdown,  under 
conditions  identical  to  those  now  investigated  except  for  the  difference  in  x.  P-l/2.  It 
can  be  seen  that  both  E^ms  and  EBD-trans  depend  on  ln|£|,  but  the  dependence  of  IW  is 
stronger. 

^trans  !  ^BD-trans  oc  [ln|^|]^  ^  (  5  ) 


and  for  P<1  (p«l/2  in  this  case),  EbW^BD-tems  increases  with  The  increase  with  Pmax 
of  energy  reaching  the  focal  spot  is  more  rapid  than  the  breakdown  threshold  increase. 
Thus,  breakdown  will  eventually  occur  for  any  lens  used.  If,  however,  breakdown 
does  occur,  then  a  longer  focal  length  lens  will  solve  the  problem  (so  long  as  the 
Raleigh  range  remains  less  than  the  pulse  coherence  length). 

What  level  of  reflectivity  is  required  in  an  NLI?  Saturated  reflectivity  of  80%  is 
not  adequate  in  an  NLI  unless  accompanied  by  additional  beam  inhibiting  processes. 
Reflectivity  of  90%  is  required  in  an  NLI  used  to  retroreflect  a  laser  beam  and  to 
protect  a  more  effective  but  more  damage  prone  isolator.  Reflectivity  of  >  99.9%  is 
required  of  a  stand-alone  NLI.  Beam  blocking  processes  additional  to  SBS  include 
laser  induced  gas  breakdown  and  Raman  scattering.  Gas  breakdown,  because  it 
interferes  with  SBS  is  unacceptable  in  a  PCM  /  NLI  as  required  in  a  PCMPA.  We 
found  no  evidence  of  Raman  scatter  in  our  experiment,  (determined  by  inserting  a 
narrow  bandwidth  1053  nm  mirror  into  the  NLI  transmitted  light  beam  path,  and 
checking  for  Raman  shifted  (A.Raman=  1380  nm)  light  frequency  doubled  into  the  red  by 
a  Litton-Airtron  KTP  coated  “Green  Card”.) 


Figures  3  and  6  show  NLI  transmission.  Energy  transmission  (TNLi-cncrgy  )  is 
defined  as  energy  transmitted  through  the  NLI  divided  by  the  input  energy.  The  NLI  is 
a  power  limiter  that,  when  SBS  is  dominant  and  functioning  properly,  limits  the  power 
to  the  threshold  power  level.  The  normalized  power  transmission  Tmj-povwt  (defined  at 
the  peak  of  the  input  pulse)  has  a  theoretical  scaling  of  TNu-powHPmax’1.  Tnu-ene^  will 
have  a  somewhat  weaker  scaling  because  the  width  of  the  transmitted  pulse  increases 
as  the  peak  power  increases  (Cut  a  Gaussian  duration  pulse  at  power  levels  farther 
below  the  peak,  and  the  width  of  the  flat-top  zone  increases). 


lNLI-energy 


=  ^trans  ^ 


E 


laser 


Pth-SBS^trans  _  j  20^— 
^max^  laser  ^ 
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(6) 


Equation  6  is  plotted  as  the  points  of  figure  10.  Also  plotted  is  an  apparent 
linear  curve  fit  for  the  log-log  plot.  This  is  done  because  experimental  data  is  usually 
analyzed  in  this  way  so  that  a  scaling  parameter  (slope)  can  be  extracted.  A  slope  of 


(-)0.81  is  so  derived.  Past  measurements  using  single  longitudinal  mode  pulses  and 
liquids  yielded  slopes  of  (-)  0.7-0. 8.  This  is  in  excellent  agreement  with  the  “apparent” 
linear  fit  to  the  model. 


Figure  10  -  Theoretical  energy  transmission  through  the  IN  LI  based  on  the 
analytical  model  (points)  and  an  "apparent"  linear  curve  fit  to  the  model  (line) 
in  order  to  obtain  the  scaling  factor  (slope).  The  slope  can  be  compared  to  time 
integrated  experimental  measurements. 

In  the  case  of  the  transmission  data  of  figure  3  where  a  25  cm  focusing  lens 
was  used,  the  results  are  complicated  by  the  presence  of  breakdown.  When 
breakdown  occurred,  transmission  dropped.  Thus,  if  only  isolation  is  required  from  an 
NLI  then  breakdown  helps.  If,  as  in  many  cases,  a  high  quality  reflected  beam  is  also 
required,  then  breakdown  is  a  hindrance.  Over  the  ranges  of  the  measurements 
obtained  with  the  50  cm  focal  length  lens,  the  NLI  transmission  dependence  on  input 
energy  appears  weaker  than  depicted  in  figure  10  even  when  adding  the  100% 
transmission  points  based  on  the  SBS  reflection  measurements.  Never-the-less,  if  we 
require  30  mJ  of  300  MHz  bandwidth  oscillator  energy  to  be  injected  into  a  PCMPA, 
then  a  40  atm  fill  pressure  can  be  used,  which  will  result  in  a  10%  high  energy 
transmission.  This  level  of  transmission  is  sufficient  to  extract  with  reasonable 
efficiency  the  output  from  a  four  pass  PCMPA  producing  10  J,  while  protecting  a  1  cm 
clear  aperture  TGG  Faraday  isolator. 

Laser  energy  entering  the  PCM  /  NLI  can  be  accounted  for  as  transmitted, 
reflected,  scattered,  and  absorbed  energy.  The  experiments  only  measured  forward 
transmission  and  backward  reflection.  Figures  4  and  7  show  the  sum  of  these  two 
energies  normalized  to  the  input  energy.  In  the  absence  of  breakdown,  90  -  100  %  of 
the  input  energy  was  accounted  for.  When  breakdown  occurred,  a  large  fraction  of  the 


input  energy  was  unaccounted  for.  Thus,  in  the  absence  of  breakdown  transmission 
and  absorption  governed  by  SBS  accounted  for  the  NLI  energy  balance.  When 
breakdown  occurred,  scattering  and  absorption  were  important  energy  channels. 

IV.  Conclusions 

A  high  energy  PCM  /  NLI  was  tested  to  the  3  J  level.  The  PCM  /  NLI  was 
based  on  use  of  high  pressure  methane.  It  was  found  necessary  to  suppress  gas 
breakdown  in  order  to  maintain  a  high  fidelity  reflected  beam.  This  was  accomplished 
by  replacing  a  25  cm  focal  length  concentrating  lens  with  one  of  50  cm  focal  length,  so 
as  to  lower  the  focused  intensity  to  below  the  breakdown  threshold.  Insuring  that  the 
breakdown  threshold  was  higher  than  the  SBS  threshold  did  not  assure  breakdown  free 
operation  at  all  input  energies.  A  simple  model  that  included  the  effect  of  transmitted 
pulse  temporal  broadening  showed  this  effect. 

Using  the  50  cm  lens,  the  SBS  threshold  could  be  raised  to  30  to  40  mJ  by 
reducing  fill  pressure  to  40  atm.  PCM  reflectivity  was  90  %  while  NLI  isolation  was 
10  dB.  This  performance  is  sufficient  for  consideration  of  a  NLI  in  a  quadruple  pass 
PCMPA  operating  at  up  to  10  J  in  order  to  efficiently  extract  the  output  beam  and  to 
protect  a  high  contrast  but  lower  damage  threshold  Faraday  isolator. 

Whether-or-not  an  NLI  is  actually  used  depends  on  the  capabilities  of  a 
Faraday  rotator  to  perform  the  same  task.  Recent  improvements  in  raising  the  damage 
threshold  of  Faraday  rotator  materials  suggests  that  the  competition  will  be  fierce. 
Figure  1 1  shows  the  damage  threshold  improvement  obtained  in  switching  from  TGG 
to  Tb:glass  Faraday  rotator  material.(10) 


Figure  11  -  Summary  of  Faraday  rotator  damage  tests  on  Terbium  Gallium 
Garnet  (TGG)  and  Tb:  glass  (Kigre  M-18),  showing  4  to  5  times  higher  damage 
threshold  of  Tb:glass  and  the  weak  pulse  duration  dependence  of  the  Tb  doped 
materials.  200  ns  points  were  obtained  at  Soreq,  and  the  remaining  data  was 
obtained  from  Lawrence  Livermore  National  Laboratory,  Litton-Airtron,  and 
Passat  Enterprises. 
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ABSTRACT 

An  investigation  is  reported  of  the  characteristic  features  of  a  four-wave  mixing  of  a  chirped  signal  with  bandwidth- 
limited  pump  waves  in  a  resonant  medium  modelled  by  a  two-level  scheme.  Analytic  estimates  are  obtained  and  a  numerical 
analysis  is  made  of  the  combined  influence  of  various  mechanisms  (spatial  phase  matching,  a  finite  nonlinear  response 
time,  and  phase  cross-modulation)  on  the  spectral  composition  and  on  the  temporal  behaviour  of  the  fourth  pulse. 
Conditions  are  found  for  achieving,  with  practically  undetectable  distortions,  phase  conjugation  of  a  chirped  signal 
accompanied  by  shortening  of  the  pulse  envelope  and  narrowing  of  the  spectrum  of  the  phase-conjugate  wave. 


1.  INTRODUCTION 

The  practical  realization  of  phase  conjugation  at  four-wave  mixing  (FWM)  of  laser  pulses  in  a  nonlinear  media  is 
connected  with  a  set  of  attendant  effects.1 7  In  this  report,  we  present  the  results  of  numerical  modeling  and  analytical 
estimates  of  the  transient  FWM  of  chirped  signal  and  band-limited  pumps  in  a  resonant  medium  modelled  by  two-level 
scheme.  Combined  influence  of  different  attendant  effects  (spatial  phase  matching,  a  finite  nonlinear  response  time,  and 
phase  cross-modulation)  on  spectral  composition  and  temporal  behavior  of  fourth  wave  have  been  analyzed. 


2.  THEORETICAL  MODEL  AND  ANALYTIC  ESTIMATES 

We  shall  consider  a  two-level  model  of  a  nonlinear  medium  and  describe  the  nonlinear  susceptibility  by  the  following 
equation6: 


Pll^tXNl  +(l  +  c\£\2)xm  =  -ri^e0& \S\2 /2k,  (1) 

where  n0 , 3So  are,  respectively,  the  refractive  index  and  the  extinction  coefficient  of  an  unexcited  medium;  &  =  a  +  ia  is  a 
complex  nonlinear  parameter;  p2j  is  the  total  probability  of  spontaneous  and  nonradiative  transitions;  &  =  cn0&  /  8k  .  If 
calculations  are  limited  solely  to  large-scale  R_  dynamic  gratings  R±  =  icj±li3 ,  the  slowly  varying  amplitudes 
Ej  =  A,  exp(itpj)  obey  the  following  system  of  equations8; 

(v";4  ± dz)EU2  =  -(i2kco  /  n0c)(x0Ei  2  +  X±iE3,4), 


(v  }dt  ±0z)E3r4=-(i2Kco / noc){xoE3,4+  X±iEIj2) , 


(2) 
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Xq  =  (2k)~]  J  Xni  exp(-iqR_r)d(R_r),  (q  =  0,±1 ) . 
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where  v  is  the  velocity  of  light  in  the  medium.  The  system  of  integrodifferential  equations  (l)-(2)  makes  it  possible  to 
investigate  FWM  and  to  take  into  account  the  depletion  of  the  pump  fields,  the  nonlinear  absorption  of  all  the  interacting 
waves,  and  the  appearance  of  a  finite  nonlinear  response  time  of  the  medium. 


2.1.  Snatial  phase  matching 

The  wave-vector  mismatch  A k  reduces  the  efficiency  of  formation  of  the  wave  E4 ,  the  amplitude  of  which  falls  by  a 
factor  of  two  for  AkL  /  2  «  2 .  The  width  of  the  spectrum  within  the  limits  of  which  the  phase-conjugate  pulse  can  reproduce 
effectively  the  spectral  components  of  the  initial  signal  is: 

A a)4c  =  2g)o  /  kL  ■  (3) 

The  spectral  width  A co4c  of  an  FWM-filter,  determined  by  the  spatial  phase  matching  mechanism,  is  related  to  the  transit 
time  of  the  radiation  in  the  medium  =  L  /  v  by  r^,mAco4c  =  2 .  If  the  radiation  frequency  is  v  =  5x  1014  Hz  and  if 
fc=1.3><105  cm-1, 1=1  cm,  and  «0=1.25,  we  find  that  »  4.2X10'11  s  and  Av4c  =  A co4c  / 2;r  «7.6xl09Hz. 


2.2.  Finite  nonlinear  response  time 

The  finite  nonlinear  response  time  can  be  responsible  for  frequency  filtering  of  the  input  signal  during  formation  of  a 
conjugate  wave  with  the  central  frequency  co3  =  co0  and  with  the  half-width 

Ac04m  ~  ’  W 


where  rm  =  [(7  +  g.J0)p2i]  1  is  the  effective  relaxation  time  of  the  nonlinear  response,  J0  -  )E,f  .  If  p2j  =  109  s  and 

the  total  intensity  varies  in  the  range  7 »  aJ0  =  7 ,  the  quantity  A co4m/2n  fluctuates  within  the  limits  3.2X  JO8  6X  10s 
Hz. 

2.3.  FWM  with  chirped  signal 

If  the  signal  is  chirped  in  accordance  with  the  square  law  A30(t)  =  A30  exp[-(l  +  im)t2  /  2tq\,  the  width  of  the  spectrum 

A coph  is  defined  by  r0Afty,  =  2[/n2(7  +  m2  )]!/2  .  A  phase-conjugate  pulse  is  obtained  if  the  spectral  width  of  the  FWM- 

filter  does  not  limit  effective  FWM  of  all  the  spectral  components  of  the  chirped  signal.  It  follows  from  the  above  estimates 
that  the  main  constraint  comes  from  the  finite  response  time,  i.e.  it  is  necessary  to  satisfy  the  condition  A coph  <  A a>4m .  Full 

phase  conjugation  of  a  chirped  pulse  is  possible  if 

t0  >  [In  2(1  +  m2)]I/2  rm .  (5) 

2.4.  Phase  cross-modulation 

Strong  pump  waves  give  rise  to  phase  cross-modulation  of  the  fourth  wave.  A  sufficiently  high  level  of  cross-modulation 
may  distort  the  initial  phase  of  the  signal  and  may  influence  significantly  the  spectral  composition  of  the  conjugate  and 
signal  pulses.7  The  spectral  broadening  of  a  conjugate  pulse  as  a  result  of  cross-modulation  can  be  estimated  as 

A  CO  cm  ~  <PmaxA(Og ,  A  COg  =  2~[bl2  ■  Tq1  ,  (6) 
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where  <fimax  =  co0d50  aL(2A10+A20)  /  c 's  the  maximum  frequency  shift. 


3.  NUMERICAL  RESULTS  AND  DISCUSSION 

Numerical  modelling  of  FWM  of  bandwidth-limited  pump  pulses  [  <p±{z  =  0,t)=  <p2(z  =  L,t)  =  0)  and  a  phase- 
modulated  (in  accordance  with  the  square  law)  signal  with  a  Gaussian  envelope  was  based  on  the  integrodifferential  system 
of  equations  (l)-(2).  The  results  given  below  apply  to  a  nonlinear  medium  with  coincident  Gaussian  profiles  of  the 
absorption  and  emission  bands  on  the  assumption  that  the  optical  density  of  the  medium  is  described  by 
L  =  2o)q3SqL  /  c  =  1;  n0  =  1,25,  p2j  =  109  s'1.  The  carrier  frequency  coq  of  the  interacting  waves  is  detuned  relative  to 
the  centre  of  the  absorption  band  co]2  by  tj  =  ( a>0  -  o\2)  j  A  =  2.  The  intensity  of  saturation  at  the  centre  of  the  absorption 
band  is  Isat  =  a~\coI2)  =  1  MW  cm'2  and  the  signal  intensity  is  1%  of  the  intensities  of  two  identical  pump  waves. 


3.1.  Ouasi-steadv-state  FWM  regime 

An  analysis  of  the  quasi-steady-state  FWM  regime  ( r0  »  rm )  makes  it  possible  to  establish  the  following  relationships. 
At  a  low  level  of  phase  modulation  of  the  initial  signal,  the  temporal  behaviour  of  the  phases  of  the  signal  and  of  the 
generated  fourth  wave  is  distorted  significantly  by  cross-modulation  in  the  presence  of  strong  pump  waves.  Figs,  la  -  Id 
demonstrate  the  characteristic  temporal  behaviour  of  the  amplitude  and  phase  of  the  signal  and  of  the  generated  fourth  wave 

at  the  exit  from  the  nonlinear  medium  when  t0  =  10p2j  and  the  intensities  at  the  maxima  of  the  pump  pulses  are 
lf  2  =  0,5lsat .  Phase  modulation  characterised  by  m  =  ±2  broadens  the  input  signal  spectrum,  which  in  this  case  amounts 
to  A coph  / 2na  6.7X  107  Hz.  The  signal  pulse  spectrum  at  the  exit  from  the  nonlinear  medium  may  be  close  to  the  spectrum 
of  the  bandwidth-limited  signal.  Narrowing  of  the  spectrum  of  the  fourth  wave  S4(fl  =  (a>  -  wo)t0)  shown  in  Fig.  le 
(  Av4  «  3X107  Hz)  is  related  to  the  opposite  contributions  of  phase  modulation  of  the  input  signal  and  of  cross-modulation. 
These  mechanisms  alter  the  sign  of  the  frequency  deviation,  the  result  of  which  is  reduction  in  the  resultant  frequency 
deviation  of  the  fourth  pulse  generated  by  FWM.  Reversal  of  the  sign  of  the  phase  modulation  level  m  of  the  input  signal 
reduces  the  width  of  the  signal  pulse,  whereas  the  spectrum  of  the  fourth  wave  becomes  much  wider  than  the  initial  value 
(Fig.  If). 


3,2.  Phase  conjugation 

An  increase  in  the  level  of  phase  modulation  of  the  input  signal  makes  the  influence  of  cross-modulation  on  the  phase 
quite  negligible.  The  temporal  behaviour  of  the  initial  phase  is  reproduced  by  the  fourth  pulse  practically  without  detectable 
distortions,  which  indicates  that  phase  conjugation  takes  place.  The  envelope  of  the  conjugate  pulse  becomes  shorter,  which 
implies  the  presence  of  an  FWM-filtering.  In  the  spectral  representation  this  is  demonstrated  by  narrowing  of  the  conjugate 
wave  spectrum  (Fig.  2).  If  the  width  of  the  input  signal  spectrum  is  A  v3  «  2.5  x  108  Hz,  the  spectral  width  of  the  conjugate 
wave  is  limited  (Fig.  2c)  to  the  interval  A  v4  a  9x  107  Hz. 


3.3.  FWM  at  finite  nonlinear  response  time 

A  further  increase  in  the  modulation  level  m  of  the  input  signal  has  the  that  FWM-filtering  mechanisms  limit  even  more 
the  reproduced  spectral  composition.  The  temporal  behaviour  of  the  fourth  pulse  therefore  demonstrates  not  only  shortening 
of  the  envelope,  but  incomplete  reproduction  of  input  signal  phase.  Reduction  of  the  duration  of  the  interacting  pulses 
makes  this  behaviour  dominant  and,  when  FWM  involves  pulses  of  duration  considerably  less  than  the  relaxation  time  of 
the  nonlinear  response  (  tq  «  rm ),  this  behaviour  is  observed  even  at  low  levels  of  modulation  of  the  input  signal,  in 
accordance  with  formula  (5).  The  temporal  behaviour  of  the  signal  waves  and  the  spectra  of  these  waves  illustrating  this 
situation  are  given  in  Fig.  3.  We  can  see  that  under  the  influence  of  the  finite  nonlinear  response  time  the  signal  pulses 
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appear  at  the  exit  from  the  nonlinear  medium  after  some  delay  (Fig.  3a),  the  phase  is  distorted  (Fig.  3b),  but  the  spectrum  of 
the  fourth  wave  is  close  to  the  spectrum  of  the  bandwidth-limited  signal  A  vj  «  3  x  109  Hz  (Fig.  3c). 


Fig.  1.  Temporal  behaviour  of  the  envelopes  At  (a,  b)  and  phases  (pt  (c,  d),  and  also  of  the  spectral  densities  St  (e,  f)  of  the 
signal  (dashed  curves)  and  conjugate  (continuous  curves)  pulses  calculated  for  a  chirped  signal  (dotted  curves)  on  the 
assumption  that  r0  =  lOp^j ,  Ifc  =  0,5lsat ,  L  =  1 ,  m  =  -2  (a,  c,  e),  and  m  =  2  (b,  d,  f). 
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Fig.  2.  Temporal  behaviour  of  the  envelopes  A,  (a)  and  Fig.  3.  Temporal  behaviour  of  the  envelopes  A,  (a)  and 
phases  cpj  (b)  and  also  of  the  spectral  densities  St  (c)  of  phases  <pt  (b)  and  also  of  the  spectral  densities  S,  (c)  of 
the  signal  (dashed  curves)  and  conjugate  (continuous  the  signal  (dashed  curves)  and  conjugate  (continuous 
curves)  pulses  for  a  chirped  signal  (dotted  curves)  on  the  curves)  pulses  for  a  chirped  signal  (dotted  curves)  on  the 

assumption  that  r0  =  J0p2j ,  I™2  =0,5lsat ,  L  =  l,  assumption  that  r0  =  0.1  p2j ,  1?2  =0,51  sat,  L  =  l, 
m  =  -10 .  m  =  -10 . 
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4.  Conclusions 


It  follows  that  several  factors  may  influence  the  formation  of  the  fourth  wave  in  FWM  of  bandwidth-limited  pump  waves 
with  a  chirped  signal.  When  the  level  of  the  input  signal  is  low,  the  phase  of  the  fourth  wave  generated  by  quasi-steady-state 
FWM  may  be  distorted  significantly  as  a  result  of  cross-modulation.  An  increase  in  the  level  of  phase  modulation  results  in 
phase  conjugation  with  practically  undetectable  distortions  and  it  is  accompanied  by  shortening  of  the  envelope  and 
narrowing  of  the  spectral  composition  of  the  conjugate  wave.  A  further  increase  in  the  modulation  level  and  with  reduction 
of  the  pulse  duration  at  a  low  modulation  level  increases  the  role  of  the  FWM-filtering  mechanisms  which  result  from 
spatial  phase  matching  and  from  the  finite  nonlinear  response  time.  This  not  only  shortens  the  envelope,  but  also  distorts 
the  phase  and  also  reduces  the  width  of  the  spectrum  of  the  fourth  wave  right  down  to  the  width  of  the  bandwidth-limited 
pulse. 
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energy  exchange  among  the  waves,  optical  switching. 
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ABSTRACT 

The  behavior  of  the  fundamental,  Stokes,  and  anti-Stokes  waves  in  a  single-mode  birefringent  fiber  is  investigated. 
Analysis  of  the  nonlinear  dynamics  of  the  four-wave  mixing  are  developed  using  Hamiltonian  representation  of 
equations  describing  the  process.  Significant  mathematical  progress  has  been  made  in  solving  problem  of  the  four- 
wave  mixing,  in  particular,  analytical  solutions  in  the  terms  of  Jacobian  elliptic  and  hyperbolic  functions  and  graphic 
solutions  on  the  phase  plane  are  obtained.  The  main  problems  addressed  concern  optical  switching  among  the  waves. 

1.  INTRODUCTION 

Spatial  instability  is  a  general  phenomenon  that  exists  for  a  wide  class  of  the  wave  processes  in  nonlinear 
optics.  The  existence  of  the  spatial  instability  is  connected  with  joint  action  of  both  parametric  energy  exchange 
among  the  waves  and  nonparametric  interactions  which  are  responsible  for  self  and  cross  modulation.  The 
spatial  instability  is  found  to  exist  in  interaction  of  the  light  waves  in  a  quadratic  nonlinear  medium  and  in  the 
wave  mixing  in  materials  with  inversion  symmetry  (cubic  media)  when  the  lowest-order  nonlinear  effects 

originate  from  the  third-order  susceptibility  .  For  example,  spatial  instabilities  have  been  discovered  in  the 
nonlinear  dynamics  of  the  following  wave  processes:  in  two-wave  parametric  mixing  in  a  quadratic  nonlinear 
medium  in  the  presence  of  self-and  cross-phase  modulation, 1  in  mixing  of  the  polarizations  of  an  intense  beam  in 
a  cubic  crystal  with  birefringence  and  third-order  nonlinearity,  in  degenerate  four-photon  mixing  between 
orthogonal  polarizations  in  a  birefringent  fiber, 3-5  and  in  two-wave  mixing  of  the  fundamental  and  its  third 

harmonic  in  a  cubic  medium. 6  Spatial  instability  leads  to  abrupt  changes  in  the  transfer  of  the  full  power  among 
the  waves.  In  particular,  the  output  distribution  of  the  power  among  the  waves  is  very  sensitive  to  the  changes  of 
both  input  ratio  of  the  powers  in  the  waves  and  initial  difference  of  the  phases  of  the  waves  taking  part  in  the 
mixing.  These  effects  can  be  used  for  the  construction  of  the  optical  switching  devices. 

In  the  paper  we  consider  interaction  of  the  fundamental  wave  polarized  along  both  axes  of  the  single-mode 
birefringent  fiber  with  Stokes  and  anti-Stokes  waves  with  orthogonal  polarizations.  The  four-wave  mixing  in  the 

birefringent  fibers  has  been  studied  by  many  peoples.  ’  Most  of  them  considered  a  simple  model  that  describes 
the  nonlinear  interaction  among  the  waves  on  initial  stage  of  propagating.  According  to  the  model,  fundamental 
waves  are  considered  to  remain  constant  and  is  much  more  intense  than  Stokes  and  anti-Stokes  waves.  Using  the 
model  it  is  possible  to  derive  the  linearized  equations.  Obviously  this  approach  is  limited  to  short  lengths. 

Although  the  model  can  give  some  general  picture  of  the  interaction  among  the  four  waves,  it  is  oversimplified 
model.  The  treatment  with  linearized  equations  is  not  appropriate,  when  the  light  waves  propagate  to  the  large 
distances,  as  depletion  of  the  fundamental  wave  needs  to  be  taken  into  consideration.  Generally  speaking,  when 
the  conversion  from  the  fundamental  wave  into  the  Stokes  and  anti-Stokes  waves  is  high,  evolution  equations  for 
the  amplitudes  of  the  fields  become  nonlinear  and  must  be  solved  in  general.  A  general  consideration  for 
arbitrary  length  of  the  fiber  and  conversion  efficiency  of  the  fundamental  wave  into  Stokes  and  anti-Stokes 
waves  are  of  practical  interest  as  the  results  can  be  used  to  derive  optimum  conditions  for  obtaining  large 
conversion. 

The  aim  of  the  present  paper  is  to  develop  analytical  approach  to  describe  the  nonlinear  dynamics  of  the  four- 
wave  mixing  in  a  birefringent  fiber.  Hamiltonian  representation  of  the  equations  describing  the  four-wave 
mixing  enables  to  obtain  exact  analytical  formulae  for  fraction  of  the  total  power  in  the  waves  as  function  of  the 
length  of  a  medium.  For  better  understanding  the  nature  of  the  nonlinear  dynamics  of  the  four-wave  mixing,  it  is 
desirable  to  describe  the  wave  process  on  the  phase-space  portraits  when  spatial  evolution  of  the  four  electric 
fields  is  presented  by  moving  a  material  point  on  a  given  trajectory  in  the  phase  plane.  Then,  by  inspecting 
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phase-space  portraits,  it  is  possible  to  find  the  areas  in  which  maximum  conversion  is  observed.  Using  the  phase- 
space  portraits  and  property  varying  input  distribution  of  total  power  among  the  waves  or  initial  difference  of  the 
phases,  one  obtains  optical  switching  in  the  four-wave  mixing. 

2.  GENERAL  THEORY 

The  electric  field  E(r\z )  traveling  along  a  single-mode  bireffingent  fiber  can  be  described  in  the  terms  of  the 
linearly  polarized  modes: 

E(r;  z)  =  |  ((exF0x  (x,  y)E0x  (z)  exp  {ip0xz)  +  eyF0y  (x;  y)E0y  (z)  exp(i/30yz))  exp  {-i(Q0t)  + 

exFx  (x,y)Ex  (z)  Qxp(-icoxt  +  ifixz)  +  eyF2  (x,  y)E2  (z)  exp(-ico2t  +  ifi2z)  +  c.c.)  (1) 

where  (O0,  C0X,  and  0>2  (2 O)0  =  a>x+0)2)  are  the  mean  optical  frequencies  of  the  fundamental,  Stokes,  and 
anti-Stokes  waves  correspondingly. 

The  evolution  equations  can  be  derived  from  wave  equation  in  the  slowly  varying  envelope  approximation  as 


follows  9 : 

WJ,  exp(>Afe)  +  (|  E0l  P  +|  i  £0  f  +2 1  £,p+||  E2  f  )£„)  (2) 

dz  AgA  3  3  3 

^T=^7-4EiE2K^ P(i4fe)+(||£„,  P  + 1 Ei,  f  +f  I A  l!  +2 1 A  I’)*,,)  W 

dz  a0A  3  3  3 

^  exp(-/4fe)  +  (2 1  P  |  p  + 1  £,  P  +|  |  £2  f  )£,)  (4) 

dz  \A  3  3  3 

^  =  ^-(f  £„  Vh  expHife)  +  4 1  A,  P  +2 1  P  +|  I E,  P  + 1 E,  f  )A)  ® 

az  A^A  3  3  3 

where  the  amplitudes  Et(z)  are  slowly  varying  functions  of  Z  on  comparing  with  exp(z'/?,z)  ; 


Ak  -  fi0x  +  PQ  y  -  fix  -  P2  =  (ffl0  (n0x  +  n0y)-(Olnl-a>2n2)/c  is  mismatch  of  the  wave  vectors  of  the 

fundamental,  Stokes,  and  anti-Stokes  waves;  n0x ,  n0y,  Hj ,  n2  are  the  linear  coefficients  of  refraction  of  the 

modes  of  the  fiber;  n2  =  3.2  •  10~16c»i2 /W  is  the  Kerr  coefficient;  A  is  an  effective  area  of  core  of  the 

single-mode  fiber.  Note  that  only  elements  of  the  third-order  susceptibility  in  tensor  ^(3)  for  which  the  indices 
are  equal  in  pairs  are  nonzero.  As  a  direct  consequence  of  this  property  of  an  isotropic  medium,  waves 
interacting  in  the  four-wave  mixing  must  be  also  polarized  in  pairs  (either  all  on  one  axis  or  two  on  each  axis).  In 
the  case  of  silica  fibers,  for  which  the  dominant  contribution  is  of  electronic  origin,  the  elements  of  the  three- 
component  tensor  have  nearly  the  same  magnitude  and  can  be  assumed  to  be  equal. 

It  is  possible  to  obtain  the  following  integrals  of  moving  from  Eqs.(2-5): 

I  E0x  P  -  I  E0y  P=  A  (6) 

4-|£,P-^-|£,P=A  (7) 

/T)  A) 

I  E«,  P  + 1  E„  p  +  A I  £,  P  +  A 1 1 E2  f=  P  (8) 

Ao  A) 

Eqs.(6,7)  express  the  fact  that  both  photons  of  the  fundamental  and  photons  of  the  Stokes  and  anti-Stokes  waves 
arise  and  annihilate  in  pairs.  Eq.(9)  is  law  of  conservation  of  the  total  power. 

Let  us  introduce  the  new  variables  qx,  q2 ,  q3,  qA  as  follows: 

Eqx  ~  “JP (9) 
E0y  =  ■JPq2  (10) 


101 


(11) 


Ex  = 


rfi. 


E2  =JE-7LV4 


(12) 


Equations(2-5)  may  be  reduced  to  a  two  degree  of  freedom  nonlinear  oscillator  equations  by  means  of  a 
canonical  transformation  from  the  four  complex  variables  qx ,  q2,  q3 ,  q4  to  the  two  real  conjugate  variables 
r]  =|  q3 12  and  if/  ~  <p3  +  (p4  —  (px  —  <p2  +  ks ,  where  (pt  is  die  phase  of  i  wave.  We  obtain  that  rj  and  if/  obey 
the  coupled  nonlinear  equations: 

-j-  =  —  sin  if/Jq(7j  -  d2  )(1  +  dx+d2-  2q)(\  +  d2-d1-  2  rj) 
as  3 
(13) 

dif/  _2 . ,J(jl-d2){\  +  dx  +d2  ~2rj)(\  +  d2  -dx  -2rj)  ^77(77  -  d2  )(1  +  d2  -dx-  2q) 

—  COS  Ilf  (  - — - 

ds  3  ^  2-yJq 


Xfl  -  d2  )(1  +  di+d2-  2rj)  <  JtjQ.  +  dx+d2-  2tj)(\  +d2-d- 2rj) 


Jl  +  d2-di -2  rj 


2X~di 


2j\  +  dx+d1-  2q 
-Arj  +  B  +  C  +  D  +  k  (14) 


where  dx  —  Dx! P ,  d2  =  D2!  P ,  s  =  z/  Lnl  is  the  normalized  distance;  1 /  Lnl  =  2/cP/  ^jXxX2  A  being  the 
characteristic  distance;  k  =  A kLnI .  The  coefficients  A,  B ,  C ,  D  have  the  following  form: 


IK.  IK)  'AJKK  h  ,,  Ei.  IK  a 


K 


■  +  ,^-^a.)) 


K  \\  K  XX 


B  =  ^  (  i2  — 

X"3  - 


) 


C  =  ^-(4(  l^2  i  3  M 1  )  I f  2/Lq 

3  V  > \  ^2  V  ^2  XX 

z) =— (4(  E+  E)  _  5XX, 

3  U  VV  f, 


and  I  ^  I2 ,  I  |2 ,  |  |2 ,  |  |2  are  connected  with  77  as: 

j  |2_  1  +  4 +<*2-2*7 

1 92 13= A/Ai/LzAl 

k4  |2=*7-4 


(15) 

(16) 

(17) 

(18) 

(19) 

(20) 
(21) 


Eqs.(13,14)  are  a  set  of  the  nonlinear  differential  equations  coupling  the  fraction  of  the  total  power  in  the  Stokes 
wave  77  with  difference  of  the  phases  of  the  waves  if/ .  The  two-dimensional  dynamical  system  for  the  variables 
77  and  iff  (Eqs.(13,14))  can  be  described  in  terms  of  Hamiltonian  mechanics  where  77and  if/  are  the  canonical- 
conjugate  variables.  The  Hamiltonian  reads  as: 

2  _ _ _  j  2 

H  =  —cosif/ - d2)(  1  +  dx  +  d2  - 277)(1  +  d2-dx  - 2tj) - ^-  +  (£  +  C  +  £>  +  £)77  (22) 
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and  the  corresponding  Eqs.(13,14)  can  be  presented  as: 

drj  _  dH 
ds  dy/ 
dy/  =  dH 
ds  dr] 

Conservation  of  the  Hamiltonian  (Eq.(22))  and  the  variables  dl  and  d2  leads  to  the  possibility  to  solve  the 
Eqs.(13,14)  in  terms  of  Jacobian  elliptic  and  hyperbolic  functions.  In  order  to  make  it  let  us  reduce  Eqs.(13,14) 
to  a  one-degree-of-freedom  nonlinear  oscillator  equation.  To  obtain  the  equation  it  is  necessary  to  express 
sin  from  the  Eq.(22)  and  to  set  it  into  Eq.(13).  Using  the  procedure,  one  obtains  the  following  integral 
representation  of  the  initial  problem: 


(23) 


(24) 


dx 


% 


Vg  1 4m 


(25) 


where  T]0  =  7](s  =  0),H0=  H(rj0,y/0) ,  f{ij)  =  -rf  +  ajf  +  a2i f  +afl  +  a0,G  =  A2/ 4 - 16/9 , 


and  the  coefficients  at  are  the  following: 


a2=±(-^(l  +  2d2)  +  Aa) 

C r  y 

(26) 

+  id]  -  d]  +6d2)-a1-  AH,) 

(27) 

0,  -M2 -dl -i)  +  2aH,) 

Cj  y 

(28) 

Hl 

a°  G 

(29) 

where  a  =  B  +  C  +  D  +  k  .  In  example  investigated  below,  we  use  the  following  wavelengths  of  the 
fundamental,  Stokes,  and  anti-Stokes  light  waves  1.319  /Alt,  1.338/Z77J,  1.3  fan  correspondingly.  Also,  we 

shall  deal  with  such  values  of  dx  and  d2  which  can  be  obtained  in  the  case  of  using  the  following  initial 
distribution  of  the  total  power  among  the  waves  Pl=P2  =  1 0  W  ,  P3  =  1 0  m  W  ,  P4  =  1  jilW .  Let  us  consider 
perfect  phase-matching  case.  Then  it  is  necessary  for  us  have  a  single-mode  fiber  with  birefringence 
<5h»31(T5. 

It  is  desirable  to  be  able  to  obtain  exact  solutions  of  the  Eqs.(13,14)  by  means  of  analytical  tools.  Before  we 
find  analytical  solutions  of  the  Eqs.(13,14),  let  us  consider  graphic  solutions  of  the  equations  (13,14).  Nonlinear 
dynamics  of  the  four-wave  mixing  essentially  depends  on  number  of  the  fixed  points  of  the  Hamiltonian,  then- 
stability  and  location  on  the  phase  plane.  The  fixed  points  of  the  two  dimensional  system,  say,  ( T]e,y/e ) 
represent  the  nonlinear  eigenmodes  of  the  four-wave  mixing.  They  are  defined  by  setting 
dr]  I  ds  =  dy/ 1  ds  =  0  in  the  Eqs.(13,14).  These  points  are  the  extreme  of  the  Hamiltonian  (Eq.(22)).  A  simple 
condition  for  vanishing  the  right  hand  side  of  the  Eqs.(13,14)  is  that  y/e  =  0  or  y/e  =  n  .  From  the  Eqs.(13,14), 
one  obtains  dependence  of  the  eigenmodes  on  mismatch  k .  As  bifurcation  diagram  of  the  four-wave  mixing  is 

equivalent  to  the  them  have  been  earlier  obtained 1-6 ,  we  do  not  show  it  here. 

Let  us  briefly  discuss  the  phase  trajectories  that  represent  the  solutions  of  the  Eqs.(13,14)  on  the  phase  plane 
(tj  cos  y/,  7]  sin  y/) .  Since  the  Hamiltonian  H  in  the  Eq.(22)  is  a  conserved  quality  along  s ,  the  trajectories  in 
Fig.l  are  also  the  constant  level  curves  of  H .  The  phase  space  for  77  is  a  ring  with  large  and  small  radii 

77  =  (1  +  d2  -  dx)  12  and  77  =  d2  correspondingly.  As  can  be  seen  from  Fig.  1 ,  three  stable  eigenmodes  are  the 
stable  centers  on  the  phase  plane.  Away  from  each  of  three  elliptic  fixed  points,  the  representative  point  of  the 


Stokes  wave  moves  on  stable  periodic  trajectories.  The  circle  of  radius  d2  is  forbidden  zone  for  moving  the 
point  77 .  Because  of  small  size  of  the  zone  it  is  impossible  to  see  the  third  eigenmode  located  near  circle  of 
radius  of  d2 .  The  unstable  eigenmode  with  ye=n  (which  is  indicated  by  the  letter  A  in  the  figure)  is  the 

origin  of  the  double-loop  separatrix  that  divides  the  phase  space  into  three  domains  of  periodic  evolutions. 
Moreover,  the  spatial  period  of  the  conversion  diverges  to  infinity  on  the  double-loop  separatrix.  Considering 
phase-space  portrait,  it  is  worth  noting  significant  exchange  among  the  waves  is  observed  near  double-loop 
separatrix. 

Let  us  solve  Eqs.(13,14)  by  employing  mathematical  methods.  To  obtain  the  analytical  solutions,  it  is 
necessary  to  find  all  roots  r\l  of  the  equation  f(rjj)  =  O.As  f(lj)  is  multinomial  of  fourth  order,  it  is 

possible  to  obtain  the  roots  using  analytical  methods.  But  in  the  way,  one  obtains  complex  and  long  expressions 
which  turn  out  not  to  be  useful  for  them  analyzing.  Instead  of  seeking  the  roots  using  mathematical  methods  we 
present  dependence  of  / (77)  on  77  in  Fig.2,3.  Figures  2,3  show  the  potential  field  in  which  moves  the  material 
point  as  function  of  77  for  different  values  of  H  (Eq.22).  So  Fig.2(a,b)  is  obtained  for  the  following  values  of 


TjCOSlj/ 


Fig.l  Phase-space  portrait  for  perfect  phase-matching  case. 
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a)  b) 

Fig.2  Dependence  of  the  function  f(rj)  on  t]  for  a)  H  =  Hms  and  b)  H  <  Hins . 


V 

a) 


v 

b) 


Fig.3  Dependence  of  the  function  f(lf)  on  T)  for  a)  H  =  Hsl  b)  Hms  <  H  <  Hst 


the  Hamiltonian:  Fig.2(a)  is  for  H  =  Hms  «  0.0420254  (one  obtains  the  value  substituting  value  of  the 

unstable  eigenmode  with  \f/ e—ic  and  rje  w  0.2505  into  the  Hamiltonian  (Eq.(22));  Fig.2(b)  is  for 

H  =  0.03  <  Hms .  The  case  in  Fig.2(a)  corresponds  to  the  phase  trajectories  which  constitute  double-loop 

separatrix  on  the  phase-space  portrait  in  Fig.l.  Here  we  present  expansion  of  the  f  (if)  on  multipliers  for  the 
case: 

/ (V)  =  (a~  fjXb  ~  vf  Ol  ~  d)  where  d  «  0.0267 ,  c  =  b»  0.2508 ,  a  «  0.4739 .  Then,  by  integrating 
Eq.(25),  one  obtains  solution  of  the  Eqs.(13,14)  as  follows: 


Tj-bJr 


2(b  -  d)(a  -  b ) 

(a  -  d)chUx  +2b-a-d 


0.2  + 


_ Ol _ 

0.4472  -chUx  +0.001 


(30) 
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for  large  loop  of  the  double-loop  separatrix  (Fig.l)  and 
2{a  -  b){b  -  d) 


T]  =  b-- 


«  0.2508  • 


0.1 


0.4472  -chU2  -0.001 


(31) 


(a  - d)chU2  +  a  +  d-2b 
for  small  loop  of  the  double-loop  separatrix,  where 

Ul  =  ±arch{{i}0 { a  +  d - 2b)  +  b(a  +  d)~ 2 ad) / {{a - d)(rja  - b)))) - *J{a-b){b-d)  ■  ^A2/ 4-16/9  •  s  ■ 
±  arch{{0.\  -  0.00 1^0)  /(0.4472(t70  -  0.2508))  -  0.333  •  5 

U2  =  ±arch((rj0 {a  +  d- 2b)  +  b{a  +  d)~ 2 ad)/ {{a - d){b -tj0))~ , J(a-b)(b-d )  ■  -Ja2/ 4-16/9  •  s  « 
±  arch{{  0. 1  -  0.00 1  tj0  )  /(0.4472(0.2508  -  tj0  ))  -  0.333  •  5 . 

We  must  write  sign  +  in  Ux  and  U2  in  the  case  if  initial  point  on  the  phase-plane  portrait  (Fig.l)  is  located  in 
top  of  the  phase  plane  (sin  y/  >  0)  for  (7,  and  in  bottom  of  the  phase  plane  (sin  y/  <  0)  for  U2 . 

Considering  Fig.2(b),  we  see  two  areas  of  moving  the  material  point  Tj  where  f  { Tj )  >  0  .  One  of  them  has 
been  restricted  by  the  points  d  and  C ,  and  the  other  is  located  between  the  points  b  and  a .  The  value  of  the 
H  corresponds  to  trajectories  on  the  phase-plane  portrait  in  the  Fig.  1  which  are  located  inside  small  loop  of  the 
double-loop  separatrix  and  outside  the  separatrix.  f  {ij)  has  four  different  material  roots.  Expansion  of  the 
/ (tj)  can  be  presented  as  follows:  f  {Tj)  =  {tj-  d)(c  -  rj)(b  -  lj){a  -  rj)  where  d  «  0.001 8 , 
c  *  0. 162 ,  b  w  0.3848 ,  a  *  0.48 1 8 .  Let  us  now  consider  solution  of  the  Eqs.(13,14)  located  inside  the 
small  loop  of  the  double-loop  separatrix.  Doing  substitution  of  the  variables  as  follows 

y  =  arcsin {-yj{{a  -  c)(x  -  d))  /(( c  -  d){a  -  jc)))  and  inverting  the  new  integral,  one  obtains  the  following 
solution  of  the  promlem: 

a(c-d)sn2(U,r)  +  d{a-c)  0.07715  -sn2{U,r)  +  0.0006 
(c  -  d)sn 2  ( U,r )  +  a  -  c  0.16012  ■  sn 2  ( U,r )  +  0.3198 

where  r  =  ^/(( a  -  b)(c  -  d))  /{a  -  c)(b  -  d))  «  0.3561  is  the  modulus  of  the  elliptic  sine  function  sn  ; 

U  =  J(a  -  c)(b  -  d)^A2/4  - 16/9  -  s/2  ±  F(/J0 ,  r)  «  0.2609  -s±F(j30,r);  F(/30 ,  r )  is  the  elliptic 
integral  of  the  first  kind; 


TJ  = 


(32) 


P0  =  arcsin  y]{(a  -  c)(rj0  -  d))  /((c  -  d)(a  -  tj0  ))  »  arcsin  ^/0.3 1 98(^0  -  0.00 1 88)  /(0. 1 60 1 2(0.48 1 8  -  rj0 )) 
Function  sn(x)  is  periodic  in  X  with  a  period  equal  to  4 K(k) ,  where  K(k)  is  the  complete  elliptic  integral  of 
the  first  kind. 

The  phase  trajectories  located  outside  double-loop  separatrix  in  the  {Tj  COS  y/,T]  sin  y/)  plane  have  another 
interpretation  in  the  terms  of  periodic  functions  of  sn  .  Using  the  new  variable  y  connected  with  the  x  as: 

y  =  arcsi  n{j{{b  -  d){a  -  x))  /{{a  -  b){x  -d))  ,  we  find  the  function  Jj{s)  evolve  according  to: 

d{a  -  b)sn 2  {U,  r)  +  a{b  -  d)  0.00018  -sn2{U,r)  +  0.0006 


Tj=- 


(33) 


{a-b)sn2{U,r)  +  b-d  0.16012  -sn2{U,r)  +  0.3198 

where  U  =  ±F{jj0 , r)  - y j{a  - c){b  -d)^A2lA-\6l9-s/2«  ±F{ju0 , r)  -  0.2609  •  s , 

r  =  -/{{a  -  b){c  —  dj)  /{a  —  c){b  —  d))  «  0.3561  is  the  modulus  ofthe  elliptic  sine  function;  F{/u0,r)  is 
the  elliptic  integral  ofthe  first  kind; 


ju0  =  arcsin(-J((6  - d){b  - tj0 )) /{{a  - b){ij0  - d)))  «  arcsin(^/0.3 8292(0.3848  - tj0) /0. 097 {tj0  -0.00188)) 
We  must  write  +or  -  in  the  dependence  on  location  of  the  initial  point  in  the  phase-space  portrait  (Fig.l). 

Analyzing  Eqs.(32,33),  it  is  possible  to  show  the  expressions  (32,33)  for  the  case  H  <  Him  will  be 

transformed  to  Eqs.(30,3 1)  when  H  — >  Hms  -  0  .  The  behavior  of  the  Eqs.(32,33)  under 


106 


H  — >  H ins  —  0  may  be  immediately  understood  by  looking  at  the  phase-plane  portrait  in  the  Fig.l. 

Consider  now  the  case  when  H  >  H ins .  In  Fig.3(a),3(b)  we  plot  the  function  f(lf)  for  the  case 
H  =  Hst  «  0.20869  and  Him  <  H  =  0.045  <  Hst  correspondingly.  There  are  the  trivial  solution 
?](s)  =  const  in  the  case  H  =  Hsl .  One  obtains  the  value  of  the  Hamiltonian  inserting  the  value  of  the  stable 

eigenmode  with  y/e  =  0  and  Tje  ~  0.25  into  Eq.(22).  As  a  result,  the  light  waves  propagate  unchanged  and 
the  nonlinearity  introduces  only  a  progressive  phase  shift  in  them.  More  interesting  situation  arises  in  the  case 
H  <  H  <  Hsl .  The  values  of  the  Hamiltonian  correspond  to  the  phase  trajectories  which  are  located  inside 
large  loop  of  the  double-loop  separatrix  in  the  Fig.l.  Considering  the  phase-space  portrait  and  the  Fig.3(b),  it  is 
worth  noting  area  of  moving  the  material  point  TJ  is  extended  for  the  values  of  the  H  for  which  are  carried  out 

condition  H  —  Hins  »  0  + .  The  values  of  the  Hamiltonian  are  of  practical  interest  as  large  conversion  among 
the  waves  is  observed  in  the  cases.  Analysis  of  the  function  f  ( r] )  shows  that  there  is  only  two  real  roots  and 
two  complex-conjugate  roots.  One  presents  expansion  of  the  / ( Tj )  on  multipliers  as  (Fig.3(b)): 
f  (?])  =  (0.4717  —  —  0.0287)(72  —  0.501 1072 TJ  +  0.067266337).  Then,  by  introducing  the  new 

variable  y  as  y  =  2 arcctg(^J ( q(a  —  x))  /(p(x  —  b ))  in  the  Eq.(25),  one  obtains  the  following  solution: 

_  (P  +  +  pd)sn2(U,r)  +  2pq(a  +  d)cn2(U,r)±2pq(a-d)cn(U,r) 

^  (p  +  q)2sn2(U,r)  +  4pq-cn2(U,r)  ^ 

where  U  =  ^[pq^A2/4  -16/9 -s  ±  F(a0,r) ;  p2  =  (b'-a)2  +b"2 ;  q2  =  (b'-d)2  +b”2 ; 
b  =  b'+ib"  is  the  complex  root;  a0  =  2arcctg(^(q(d  -  TJ0  ))  /(p(a  -  tj0  ))  ; 

r  =  0.5  -yjdp  +  q)2  +(a-d)2)/ pq  is  the  modulus  of  the  elliptic  functions  sn  and  cn .  Consider  Eq.(34) 
with  +  under  function  of  cn .  If  the  initial  point  on  the  phase  plane  is  located  in  top  of  the  phase-plane  portrait 

(sin  y/  >  0) ,  then  U  =  pq  *Ja2/ 4  —  16/9  •  J  -  F(a0 ,  r)  and  if  the  initial  point  is  located  in  bottom  of 

the  phase  plane  (sin  y/  <  0) ,  then  U  =  Jpq  ^A2/ 4-16/9  •  S  +  F(a0 ,  r )  .  Contrary  picture  takes  place 
for  Eq.(34)  with  sign  -  under  function  of  cn . 

3.  APPLICATIONS  AND  CONCLUSIONS 

In  this  section  we  briefly  discuss  one  example  of  optical  switching  and  the  conditions  for  the  experimental 
observability  of  the  large  wave  conversion  by  means  of  changing  initial  difference  of  the  phases  of  the  waves. 
For  that,  consider  the  following  distributions  of  initial  total  power  among  the  waves: 


|ES|2/Pin 


s=z/L 


a)  b) 

Fig.4(a,b)  Fraction  of  the  Stokes  power  versus  the  propagation  distance  zfL  for  different  values  of  the  initial 
difference  of  the  phases. 


Px  =P2  *9MmW,  P3  *1.13 6mW,  P4  *0.137mlFisfortheFig.4(a);  Px  =  P2  *9.847mJF, 

P3  «1.151mfF,  P4  *0.1 57 mW  is  for  the  Fig.4(b). 

The  solid  lines  in  the  Fig.4(a,b)  show  the  dependencies  of  the  fraction  of  the  total  power  in  the  Stokes  wave 
\EX\ 2  IP,„,  (  Pm  =|  E0x o  |2  +  |  E0y o  |2  +  |  El0  |2  + 1  E20  I2 ,  where  Em  =  E,(s  =  0))  on  the 

dimensionless  distance  s  =  zl  L  for  the  case  LI  Lnl  -  50  where  L  is  the  total  length  of  the  fiber.  For  both 
the  Fig.4(a)  and  the  Fig.4(b)  initial  distributions  of  the  power  among  the  waves  are  equal  but  initial  differences 
of  the  phases  y/0  =  l//(s  =  0)  distinguish  on  11 .  Curves  1  in  the  Fig.4(a,b)  are  obtained  for  the  case 

y/0  =  it ,  while  the  curves  2  in  Fig.4(a,b)  are  obtained  for  the  case  y/0  =  n  .  As  can  be  seen  from  the  figures, 

it  is  possible  to  observe  optical  switching  by  changing  the  initial  difference  of  the  phases.  Let  us  translate  the 
graphic  results  to  real  physical  units  in  order  to  be  able  to  use  them  in  experimental  situation.  An  important 
parameter  that  may  be  extracted  from  our  analysis  is  the  distance  Sm ,  where  maximum  conversion  from  the 

fundamental  wave  into  the  Stokes  and  anti-Stokes  waves  first  occurs.  This  distance  may  be  easily  obtained  from 
the  exact  and  graphic  solutions.  The  results  for  above  mentioned  distributions  of  the  total  power  among  the 

waves  are  the  following:  Sm  *  1 85343 m  is  for  the  Fig.4(a)  and  Sm  *  305940m  is  for  the  Fig.4(b). 

We  have  studied  the  exactly  integrable  nonlinear  dynamics  of  the  nonlinear  four-wave  mixing  among  the 
waves.  We  found  that  our  analysis  may  provide  a  good  description  of  the  wave  process  in  any  regimes  even  in 
the  strong  depletion  regime  of  the  fundamental  wave.  Whenever  the  absolute  value  of  the  linear  mismatch  |  k  \  is 
small,  the  dynamics  of  the  four-mode  equations  exhibits  bifurcation  and  instability  phenomena.  As  consequence 
of  existing  instability  in  the  four-wave  mixing,  great  sensitivity  of  the  output  fields  with  respect  to  small 
variations  of  the  initial  conditions  in  the  proximity  of  the  separatrix  is  observed.  We  have  also  briefly  discussed 
the  conditions  for  experimental  observation  of  strong  conversion  in  the  four-wave  mixing  in  fiber  with 
birefringence,  with  particular  relevance  to  applications  in  optical  switching  devices. 
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ABSTRACT 

Conversion  of  light  beams  by  the  dynamic  volume  holograms  in  resonant  media  revealing  the  fifth-  and  higher-order 
nonlinearities  has  been  analyzed.  The  experimental  results  on  the  energy  and  angular  characteristics  of  laser  radiation 
diffracted  from  a  dynamic  transmission  grating  in  the  solution  of  Rhodamine  6J  dye  and  polymethine  dye  3274U  are 
considered.  A  theoretical  model  that  allows  for  the  calculation  of  the  energy  efficiency  of  light-beam  conversion  at 
different  propagation  directions  of  a  reconstructing  wave  has  been  proposed. 

Keywords:  dynamic  holograms,  multiwave  mixing,  phase  conjugation,  resonant  media,  higher-order  nonlinearities. 

1.  INTRODUCTION 

Dynamic  diffraction  structures  show  promise  as  the  elements  of  optical  data  processing  systems  owing  to  their  ability  to 
realize  real-time  control  and  conversion  of  complex  light  fields.  So  far  practically  all  the  investigations  into  the  information 
capacity  of  diffraction  methods  have  been  concerned  only  with  the  linearity  approximation  for  holographic  recording  of  the 
wave  front.  However,  a  number  of  materials  (semiconductor  glasses,  dyes,  atomic  media)  are  characterized  by  a  high  level 
of  the  fifth-  or  higher-order  nonlinearity  leading  to  distortion  of  the  holographic-grating  groove  profile.  Such  a  nonlinear 
recording  of  holograms  has  been  traditionally  considered  as  a  negative  factor  resulting  in  the  emergence  of  noise 
components  in  the  diffracted  radiation.1  At  the  same  time,  high  priority  of  the  investigations  associated  with  the 
development  of  control  elements  for  laser  fluxes  stimulate  the  researchers  to  analyze  new  means  of  information  processing 
on  the  basis  of  nonlinear  holographic  elements  (spatial  filtration,  associative  memory;  double  phase  conjugation  among 
other  things  allowing  for  visualization  of  complex  phase  portraits2"').  Due  to  the  effect  of  absorption  saturation,  in  resonant 
media  these  nonlinearities  manifest  themselves  together  with  the  cubic  nonlinearity  providing  a  means  for  realizing  N-wave 
mixing.  In  this  case,  as  a  result  of  expanding  the  medium  susceptibility  into  a  series  of  dynamic  grating  components,  new 
components  emerge,  which  determine  the  possibility  of  the  Bragg  reading-beam  diffraction  of  the  second  and  higher  orders. 

Dynamic  gratings  are  recorded  by  signal  Es  and  reference  Ex  waves  having  the  same  frequency  co.  Condition  of  the 

Mth-order  Bragg  diffraction  (M=N/2-l)  is  satisfied  through  an  increase  of  the  reading  angle  or  through  the  change  in  the 
recording-wave  frequency.  The  experiments  performed  for  measurement  of  the  higher-order  susceptibilities  (using  gases,4'5 
semiconductor  glasses,6'7  dyes7,8  as  nonlinear  media  )  were  based  on  recording  and  reading  of  dynamic  gratings  at  the  same 
frequency,  and  the  fulfillment  of  the  Bragg  condition  was  achieved  by  changing  an  incidence  angle  of  the  reading  beam.  In 
the  second  case  the  reading  wave  E-,  has  a  frequency  Mco  and  is  counter-propagating  relative  to  the  reference  one.  This 
resulted  in  phase  conjugation  with  simultaneous  conversion  of  the  radiation  frequencies.9'12  Both  parametric  scattering 
schemes  have  been  illustrated  in  Fig.  I  for  the  case  of  six-wave  mixing  (N=6.  M=2). 

In  this  report  we  give  an  analysis  of  the  schemes  for  multiwave  mixing  realized  in  media  with  saturable  (resonance, 
thermal)  nonlinearity  in  conditions  revealing  the  nonlinearity  of  the  fifth-  and  higher-order.  Let  us  consider  both  cases  of 
dynamic  hologram  reconstruction  (at  frequencies  CO  and  2  CO  ).  A  dynamic  hologram  was  formed  by  signal  ES=AS 
exp[7(ks  r  -cot+<p$)]  and  reference  E,=Ai  expj/Yk,  r  -col+cp-J]  waves;  it  was  reconstructed  by  a  wave  E2=A:  exp[/(k2  r  -2 cot 
+(fh) ]  or  E:=A:  exp[/Yk2  r  -co  t+qhj]  counter-propagating  relative  to  the  reference  one.  Under  the  conditions  of  quadratic 


SPIE  Vol.  3684  •  0277-786X/98/$1 0.00 


formation  of  a  dynamic  grating,  when  the  diffraction  was  determined  by  the  second  components  of  the  medium 
susceptibility  expansion  in  a  series  of  space  harmonics  of  the  dynamic  grating,  the  induced  nonlinear 

polarization P  was  responsible  for  the  wave E0  generation.  The  wave  ED  direction  is  determined  by  the 

phase  synchronism  condition  kD=2kr2ks+k2  (Fig.  1).  And  in  conditions  of  the  hologram  reconstruction  at  a  double 
frequency  with  opposite  propagation  directions  of  the  plane  reference  and  reading  waves  k2+2k1=0,  the  induced  wave  ED 
propagates  counter  to  the  signal  one  Es  ■ 


Fig.l.  Mixing  geometry  and  phase-matching  diagrams. 

In  the  experiments  these  methods  of  wave  front  transformation  have  been  realized  using  the  polvmethine  dye  3274U 
and  Rhodamine  6J  dye. 


2.  SIX-WAVE  MIXING  IN  POLYMETHINE  DYE  3274U 

A  theoretical  study  of  the  efficiency  of  six-wave  mixing  will  be  carried  out  for  resonant  media  simulated  with  three-level 
schemes  taking  into  account  transitions  in  the  ground  singlet  S0  -  5,  as  well  as  in  the  excited  singlet  S,  -  S,  channels. 
Such  a  scheme  may  be  used  to  describe  the  energy  states  of  polymethine  dye  3274U  molecules.13  A  medium  is  assumed  to 
absorb  radiation  at  a  frequency  co  and  be  transparent  at  a  double  frequency.  In  this  case,  the  formation  of  the  diffracted  wave 
is  determined  by  the  diffraction  of  the  reading  wave  £,  from  thermal  dynamic  grating  formed  by  the  signal  and  reference 

waves.  In  the  given  approximation,  the  nonlinear  susceptibilities  x(a>)  and  %{2co)  determining  the  recording  and 
reconstruction  of  a  dynamic  hologram  have  the  form14 

rQv  al  +  pi2  \ 

— - - - -  (l) 

v  b12  \+ji+pi2) 


(  \  «0*0 
w=— 

2k 


n0K0  aj  +  bj 2 

'2k  U-TlTpI2  ' 

where  a,  =  cr(!  —  )  and 


(2) 
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a  =  a  +  ia  =  (©,,  +  ©2!  -  023 )/  vP2]  -  <r(l  -  //21 ), 

P  =  b  +  ip  =  [s23 (©  12  +  032 )+  P32  (©12  +  ©21  -  023  )]/v2P,,P32  - 
—  c[P32  (l  —  /i21  )/vP32  +  B23  (l  —  /-l 22  )/V^2I  1 


J  =  (B]2  +  S21  )/vP21  +  P32  /vP22  , 

bt  —  C  ■  ^P32  (l  -  /A;  )/vP32  +  -®23  (l  —  P32  )/V^21  ]  • 


Here,  <j  =  2co-  ( dn  dT )  •  t  /  cCp  ,  dn/dT  is  the  thermo-optical  coefficient;  Cp  is  the  specific  heat  capacity;  r  is  the 
time;  P,,  and  P3,  are  the  summary  probabilities  of  spontaneous  and  nonradiative  transitions  in  the  channels  2-1 
( S]  -  S0 ),  3-2  ( 52  -  )  channels;  is  the  quantum  yield  of  luminescence  in  the  i  -  j  channel;  v  =  c/n0  is  the 

speed  of  light  in  a  medium;  nQ  is  the  nonresonant  component  of  the  refractive  index;  fC0  is  the  linear  coefficient  of 
extinction;  and  0r  (oj)  =  Q :J  (oj)  +  iBtj  (&>)  is  a  complex  function  describing  the  spectral  properties  of  the  resonant 
transition/-  y,  where  ©y.(cy)  is  related  to  Einstein’s  coefficient  Py(&>)  by  dispersion  relations. 

A  system  of  equations  describing  six  wave  mixing  for  nonlinear  polarization  P  ~  (p,  Es  * )  E2  has  the  form 

= /— (eusz0(co)+ ESta±l  (®)), 

az  cn0 

(3) 

%  =  -i—{E1:DXo(2co)  + EdsZ J2a)), 

az  cn0 


where  %m 


7t 

\z(C)exp(-im£)d£ 


are  the  components  of  expansion  of  nonlinear  medium  susceptibility  %  in  the 


Fourier  series  in  terms  of  the  grating  harmonics  with  £  =(krks)r.  The  term  with  X0  (©  )  takes  into  account  the  modulation 
of  both  the  absorption  coefficient  and  refractive  index  through  a  medium  bleaching  in  the  interference  field  formed  by  the 
reference  and  signal  waves  and  x+1(co)  determines  to  rescattering  of  waves  from  the  amplitude-phase  grating  written  by 

these  same  waves,  x0(2cd)  describes  phase-shift,  and  x±->(2co)  describes  the  parametric  coupling  of  reading  and 
diffracted  waves. 

For  the  intensities  of  reference  and  signal  waves  /  lower  than  or  of  the  order  of  the  saturation  intensity  of  the 

principal  singlet-singlet  transition  the  spectroscopic  properties  of  a  resonant  medium  are  determined  by  bleaching  of  the 
S0  -  S,  transition  and  linear  absorption  from  the  excited  singlet  S',  level.  In  view  of  (1)  and  (2),  the  expression  for  the 
parametric  coupling  coefficient  of  waves  y±2(2co)  virtually  determining  the  diffraction  efficiency  of  a  dynamic  hologram 
can  be  represented  in  the  form 


X±2(2co)  =  a‘-b*  /0C-(1  /A-  2(1  +  a(/|  +IS))/  A{  1  +  a(7,  +  Is )  +  ^)exp(±/2((Pl  -  <PS))’  <4> 
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where  A-  (l  +  2  a(Ix  +  Is)  +  a2(Ix  -/s)2)  and  bl0  =  o#23(l  -  /un)  /  vP2I .  The  factor  a,-b,0/a  entering 
into  the  expression  for  ±  2  (  2  (0  )  describes  the  dependence  of  the  diffracted-wave  formation  efficiency  on  the  spectral 
characteristics  of  a  medium: 

at  -^0/ct  =  CT[(l-(T2])-^(l-|a32)/^0].  (5) 

Here,  kp  =  k0 B23  /  (Bn  +  B2i)  is  the  coefficient  of  residual  absorption,  kQ  =  2co  K0 j c  is  the  initial  absorption 
coefficient. 

The  above  formulae  make  possible  the  determination  of  conditions  for  the  efficient  light-field  conversion.  Specifically, 
from  (5)  it  is  obvious  that  on  condition  £  (J  -  ji32  )  =  kQ(l  -  jd21 )  *s  satisfied,  diffraction  is  absent  since  in  this  case  the 

medium  is  a  linearly  absorbing  one:  X&co)  ~  /,  %±->  (2fi>)  =  0 . 

For  experimental  realization  of  phase  conjugation  with  simultaneous  frequency  doubling  of  the  signal  wave  we  used 
the  experimental  setup  shown  in  Fig.  2.  A  dynamic  hologram  was  recorded  at  the  generation  frequency  of  an  yttrium 
aluminate  garnet  laser  (emission  frequency  X.=1.06pm,  pulse  duration  t=9ns),  corresponding  to  the  absorption  band 
maximum  of  a  solution  of  polymethine  dye  3274U  in  isobutyl  alcohol  (bleaching  intensity  ~  13MW  cm'2,  lifetime  of 
molecules  in  an  excited  state  ~  1  Ops).15  A  hologram  was  reconstructed  by  the  second  harmonic  (X=0.532pm)  of  the  same 
laser  radiation,  which  was  not  actually  absorbed  by  the  dye  solution.  An  aperture  3  mm  in  diameter  selected  the  spatially 
homogeneous  part  of  the  radiation.  A  spectral  splitter  (3)  and  mirrors  (8)  formed  the  signal  and  reference  waves.  A  mirror 
(4)  directed  the  reconstructing  wave  opposite  to  the  reference  wave.  The  mirror  (4)  was  movable  enabling  the  read-out 
angle  to  be  variable.  Filters  (6)  made  it  possible  to  alter  the  total  intensity  of  the  recording  radiation.  The  angle  (~90  mrad) 
between  the  directions  of  the  co-propagating  pump  wave  and  signal  beam  ensured  in  practice  an  overlap  of  the  interacting 
waves  over  the  whole  length  of  the  cell  (L=0.5  cm)  containing  the  dye  solution.  The  intensity  of  the  reference  wave  was 
monitored  with  a  laser  energy  meter  (9).  The  energy  efficiency  of  the  radiation  conversion  (i.e.  the  intensity  ratio  of  the 
diffracted  and  reconstructing  beams)  was  determined  by  a  recording  system  based  on  photodiodes  (5)  and  pulse  digital 
voltmeters. 


Fig.  2.  Experimental  setup:  (1)  laser;  (2)  aperture;  (3)  spectral  splitter;  (4,8)  mirrors;  (5)  recording  system; 
(6)  optical  filters;  (7)  cell  with  dye  solution;  (9)  meter  measuring  the  laser  radiation  energy. 
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Fig.  3  shows  the  diffraction  efficiency  of  conversion  £  =  ID  /  I2  as  a  function  of  the  angle  p  between  reading  and 
recording  waves  (and  P=0  in  case  of  counter-propagating  waves).  The  first  maximum  03=23  mrad)  is  due  to  linear 
recording  of  dynamic  holograms  with  the  polarization  P  ~  ElE2E‘s  responsible  for  generation  of  the  wave  ED  at  a 

double  frequency  2e».  The  value  of  /3=23  mrad  is  associated  with  phase  synchronism  k!+k2=ks+kD  leading  to  a  decrease  in 
the  angle  between  the  diffracted  and  reading  waves  as  compared  to  the  angle  between  the  hologram  recording  beams. 
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Fig.  3.  Diffraction  efficiency  %  as  a  function  of  the  incidence  angle  of  reading  beam  for  k0L  =  3  and 
7/=/s=8MWcm'2.  An  XI 0  magnification  was  used  for  the  diffraction  efficiency  values  associated  with  the  curve  2. 

The  presence  of  the  second  maximum  in  £(P)  in  case  of  P=0  is  due  to  the  quadratic  recording  method  of  dynamic 
holograms,  when  the  diffraction  is  determined  by  the  second  components  in  the  medium  susceptibility  expansion  into 

harmonics  of  the  dynamic  grating  and  the  induced  nonlinear  polarization  P  ~  (EyEs')2  £,  is  responsible  for  generation  of 
the  wave  E D  at  a  double  frequency.  As  has  been  demonstrated  previously,  in  this  case  the  induced  wave  ED  is 
propagating  in  the  counter  direction  to  the  signal  one  Es  (kD=-2ks)  and  has  a  double  conjugate  phase  <pD  =  -2 (ps  ■  In  such 
a  manner  the  waves  Es  and  ED  have  coincident  surfaces  of  wave  front  at  counter  propagation  directions,  i.e.  these  waves 
possess  the  features  of  phase-conjugate  waves 

The  dependence  of  the  diffraction  efficiency  q  =  ID  / 12  of  a  dynamic  hologram  on  the  intensity  of  the  reference 

wave  7/  (in  our  experiments  7,  =7$)  is  plotted  in  Fig.  4.  The  conversion  efficiency  £=10'3  was  three  orders  of  magnitude 
higher  than  the  formation  efficiency  of  dynamic  holograms  in  polymers  by  resonant  two-photon  absorption.2 
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The  solid  line  in  Fig.  4  gives  the  calculated  function  of  the  diffraction  efficiency.  The  parameters  of  the  medium  and 
radiation  correspond  to  the  experimental  conditions  (n0=l.36,  t=9 ns,  ( dnldT)C~ 1  =  -L5*10“4J~1cm:i5  B23  /  Bn  =0.43) 

and  the  quantum  efficiency  of  luminescence  in  the  ground  and  excited  channels  is  close  to  zero  n2r 0.003,  /i?/=0.0001.13'16 
The  dependence  of  the  diffraction  efficiency  on  the  intensity  of  the  waves  used  to  form  a  hologram  at  the  entry  to  the 
nonlinear  medium  h=h  is  plotted  in  Fig.  4  with  a  normalization  factor  1/3  taking  account  of  the  fact  that  the  solution  of  this 
system  of  equations  gives  the  diffraction  efficiency  at  the  end  of  a  pulse,  whereas  the  experimental  results  give  the 
efficiency  averaged  over  the  whole  pulse.17  A  good  quantitative  agreement  is  observed  between  the  experimental  and 
theoretical  data. 


1<T*S 


Fig.  4.  Experimental  (circles)  and  calculated  (continuous  curve)  dependencies  of  the  diffraction  efficiency  £  on  the 
intensity  of  the  hologram-recording  waves. 

3.  MULTIWAVE  MIXING  IN  RHOI) AMINE  6J  DYE 

An  analysis  for  the  efficiency  of  light-field  conversion  upon  diffraction  from  the  nonlinearly  formed  holograms  and  in  case 
of  the  frequency-degenerate  multiwave  mixing  may  be  performed  taking  as  an  example  the  dynamic  hologram  recording  in 
ethanol  solution  of  the  Rhodamine  6J  dye.  A  theoretical  description  of  such  an  interaction  may  be  conducted  with  the  use  of 
coupled  equations  similar  to  the  system  (3).  The  first  equation  in  this  new  system  describing  the  hologram-recording  waves 
remains  the  same,  and  the  second  one  is  of  the  form: 

[Ei,dXo  W  +  ed,iX*m  M), 

cz  cn0 

where  M=N/2-l  is  a  diffraction  order  realized  within  the  medium  with  the  (N-l)th-order  nonlinearity.  Diffraction  of 
different  orders  from  a  volume  holographic  grating  has  been  realized  at  different  propagation  directions  of  a  reconstructing 
wave  conforming  to  the  condition  of  Bragg  diffraction  from  different  spatial  components  of  the  grating. 

The  diffraction  efficiency  of  conversion  £  =  ID  /  /,  as  a  function  of  the  angle  (3  between  reading  and  recording  waves 
is  given  in  Fig.  5.  Experimental  setup  was  the  same,  as  in  the  previous  case  (Fig.  2),  but  with  a  semitransparent  mirror 
instead  of  beamsplitter  3.  In  the  process,  the  second  harmonic  of  YAG-laser  was  used  both  for  the  recording  and 
reconstruction  of  dynamic  holograms.  The  angle  between  the  recording  waves  was  a  =  30 mrad.  With  counter 
propagation  direction  of  the  reading  wave  {fi=0  )  the  classical  case  of  phase  conjugation  upon  four-wave  mixing  has  been 
realized.  The  second  maximum  in  the  dependence  of  diffraction  efficiency  on  the  reading  angle  was  observed  with 


115 


P  »  a  /  2  ^  conformed  to  the  phase  synchronism  condition  kD=2k1-2ks+k2  (Fig.  1).  As  previously  stated,  it  is  attributed 

to  the  fifth-order  nonlinearity  (  P  ~  ^ElEs’)2  E2 ).  The  third  maximum  in  the  region  of  p  »  a  conforms  to  the  condition  of 
phase  synchronism  kD=3ki-3ks+k2.  In  this  case  the  eight-wave  mixing  is  registered  at  a  seventh-order  nonlinearity 

It  should  be  noted  that  diffracted  beams  in  the  afore-mentioned  cases  are  differing  not  only  in  the  propagation 
direction,  but  also  in  the  wave  phase  making  it  possible  to  rely  on  simultaneous  realization  of  various  operations  of  the  wave 
front  transformations. 
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Fig.  5.  Diffraction  efficiency  ^  as  a  function  of  the  incidence  angle  of  reading  beam  for  Rhodamine  6J  dye 
for  k0L  =  0.5  and  /,=2/j=0.2MWcm'2. 

4.  CONCLUSION 

Theoretical  and  experimental  studies  into  the  light-beam  conversion  in  conditions  of  multiwave  mixing  have  made  it 
possible  to  develop  the  diffraction  method  for  wave-front  transformation.  It  has  been  proposed  to  use  the  above  schemes  of 
interaction  for  conversion  of  wave  fronts  of  the  laser  beams  with  a  developed  transversal  structure.  Considering  the  fact 
that  reconstruction  of  diffracted  beams  in  different  directions  may  be  realized  concurrently,  the  proposed  approach  could  be 
used  when  developing  multi-functional  elements  for  the  optical  data  processing  systems.  Specifically,  it  should  be  noted 
that  the  use  of  the  proposed  scheme  for  recording  and  reconstruction  of  dynamic  holograms  opens  new  possibilities  for 
real-time  frequency  conversion  of  laser  radiation  (both  for  plane  waves  and  composite  images).  In  the  process,  frequency 
conversion  may  be  combined  with  the  phase-conjugation  effect  thus  allowing  for  compensation  of  distortions  when 
radiation  is  propagating  in  the  phase-inhomogeneous  media. 
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ABSTRACT 

The  results  are  presented  on  experimental  investigations  of  action  onto  an  optical  glass  BK-7  and  some  other 
materials  of  a  C02  laser  radiation  with  the  pulse  duration  of  20-70  ps  and  the  energy  density  of  0.1-3  J/cm2.  The 
dynamics  of  a  thermal  response,  temperature  of  heating  and  emissivity  of  irradiated  glass  samples  are  under 
consideration.  The  results  obtained  can  be  used  in  imaging  techniques  for  objects  selection. 

1.  EXPERIMENTAL  SET-UP  AND  METHODICS  OF  MEASURING 

An  optical  scheme  of  the  experimental  set-up  is  shown  in  Fig.l.  The  radiation  of  a  pulse  C02-laser,  after  passing 
wedge  2,  which  splitted  a  part  of  the  beam  for  measuring  the  output  energy  and  temporal  pulse  shape  of  the  radiation, 
was  reflected  by  wedges-attenuators  7,  8  and  focused  by  lens  objective  9  onto  the  surface  of  a  sample  under  study.  The 
focal  spot  diameter  could  be  varied  from  1mm  to  1cm.  At  distance  /  from  the  sample,  variable  from  75  to  225  mm,  high- 
sensitive  detector  11  with  renewable  filter  12  was  placed. 


Fig.l.  Optical  schematic  of  the  experimental  set-up.  1-pulse  C02-laser;  2,7,8-wedges;  3,5-focusing  mirrors; 

4-calorimeter;  6-photon-drag  detector;  9-objective;  10-irradiated  glass  sample;  11-HgCdTe-photodetector; 

12-renewable  filter;  13-oscilloscope;  14-shielding  screen;  15-radiation  absorbers. 

A  cooled  photoresistor  with  a  sensitive  element  (0.6mm-in  size)  on  the  base  of  a  trial  composition  HgCdTe  was  used 
as  the  thermal  emission  detector.  Its  signal  was  recorded  by  a  two-channel  storing  oscilloscope  (one  of  the  sweep  traces). 
The  second  trace  was  used  to  record  currently  a  temporal  profile  of  the  laser  radiation  pulse.  Angle  <p  between  the 
observation  line  and  a  normal  to  the  sample  surface  (see  Fig.  1)  was  changed  from  10  to  40  degrees  depending  on  a 
distance  between  the  sample  and  detector.  Because  of  slight  dependence  of  a  scattering  indicatrix  of  dielectric  materials 
on  an  observation  angle  up  to  60  degrees  (see1,  for  example),  this  change  in  angular  orientation  of  the  detector  resulted 
only  in  variation  of  the  effective  irradiated  area  of  the  sample  (area  of  the  thermal  emission  source)  by  the  expression:  A# 
=AS  x  cos(<p),  where  As- is  the  laser  radiation  focal  spot  diameter. 

The  information  on  a  temperature  of  heating  the  sample  by  laser  radiation  can  be  derived  from  the  temperature 
dependence  of  its  spectral  radiant  intensity  (or  brightness)  L(A,  T).  In  the  classic  optical  pyrometry  temperature 
evaluations  are  typically  based  on  determining  the  ratio  between  the  spectral  radiant  intensities  of  an  emitter  measured  in 
two  quasi-monochromatic  spectral  bands2.  In  our  research,  at  operation  in  the  middle-infrared  the  possibility  of 
performing  high-sensitive  measurements  in  a  wide  wavelength  band  (that  is  necessary  to  enlarge  the  signal/noise  ratio) 
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was  not  evident.  By  this  reason  for  evaluating  the  irradiated  sample  temperature  we  had  to  use  the  methodics  based  on 
measuring  the  thermal  fluxe  intensities,  which  passed  through  filters  with  various  spectral  transmissivities  r/A),  and  on 
determining  ratios  between  the  intensities,  obtained  for  various  pairs  of  the  filters. 

At  carrying-out  the  experiments  the  following  set  of  filters  was  used: 

•  made  of  glass  IKS-5  with  the  thickness  of  2  mm  (transparent  up  to  4.4  pm); 

•  made  of  glass  BS-14  with  the  thickness  of  2  mm  (to  5.2  pm); 

•  made  of  crystal  LiF  with  the  thickness  of  4.4mm  (to  7.3  pm); 

•  made  of  crystal  NaF  with  the  thickness  of  27mm  (to  8  pm). 

All  these  materials  have  a  strong  absorption  in  10.6  pm-region,  so  the  filters  were  used  additionally  to  suppress  the 
reflected  and  scattered  radiation  of  the  “heating”  C02  laser.  In  the  opposite  case  the  background  level  of  10.6  pm 
radiation  was  high,  that  made  it  impossible  to  obtain  the  low-intensity  thermal  response  under  study. 

Radiant  temperature  T  of  the  heated  sample  with  emissivity  s  can  be,  as  usually,  accepted  equal  to  the  temperature  of 
the  heated  black-body  emitter,  which  is  characterised  by  the  same  fluxe  intensities  ratio.  By  this  reason,  to  interpret 
correctly  the  data  obtained  and  to  determine  the  sample  temperature  and  «blackness»  we  needed  previously  to  calibrate 
our  detector  in  a  set  of  separate  experiments.  At  this  calibration  the  black-body  model  was  heated  in  a  step-wise  manner 
and  intensities  of  fluxes,  emitted  by  it,  were  measured  with  various  spectral  filters.  In  the  considered  temperature  interval 
the  dependence  of  detecting  signal  U  for  i-th  filter  on  a  temperature  for  the  both  black-body  model  and  sample  under 
investigation  can  be  well  approximated  by  the  expression: 

Ut  (T)  =  at  x  (T)bi  (1), 

where  a, ,  b,  -  are  coefficients,  which  can  be  calculated  when  calibrating  the  detector  by  the  black-body  model  for  the 
corresponding  filter.  From  approximation  (1)  the  temperature  can  be  determined  by  ratio  R  of  signals  for  each  two 
filters  from  the  expression: 

Tb,~b2  =  Rx(a2/ai)  (2), 

where  R  =U,/U2,  and  the  signals  for  two  various  filters  are  measured  at  the  same  irradiation  energy  density.  The  sample 
emissivity  and  true  temperature  Ttrlte  can  be  estimated  for  several  filters  by  the  radiant  temperature  from  the  expression: 

s-(T/T*J*  (3). 

2.  EXPERIMENTAL  RESULTS 

At  carrying-out  the  experiments  the  most  attention  has  been  concentrated  on  the  study  of  BK-7  glass  (polished  and 
roughly-burnished  samples  of  8-10  mm-thickness).  Besides,  samples,  made  of  crystals  Si  and  Ge,  as  well  as  of  painted 
metals  were  under  investigation  in  a  few  tests.  An  effective  energy  density  of  the  laser  radiation  on  the  sample  surface  (an 
exposure),  which  was  calculated  with  taking  into  account  an  effective  area  of  irradiation  Aeg,  was  varied  within  Heg= 
0.1-3  J/cm2.  At  the  densities  exceeding  about  0.8-1  J/cm2  a  light-induced  breakdown  (little  sparks  or  a  flame)  occurred  on 
the  polished  glass  surface,  that  disturbed  a  purely  thermal  nature  of  the  beam  action.  Hereinafter,  the  flame-free  mode  of 
action  will  be  named  as  a  below-threshold  mode,  and  an  interaction  followed  by  the  flame  occurrence  -  as  an  above¬ 
threshold  mode. 

Fig.  2a  represents  oscillograms  of  temporal  profiles  of  the  laser  radiation  pulse  (about  20ps  in  duration)  and  of  the 
thermal  response  (the  detector  signal)  from  the  irradiated  sample  which  was  typical  for  the  above-threshold  interaction 
mode.  Fig.  2b  represents  similar  oscillograms  but  obtained  in  the  below-threshold  mode.  It  is  worth  to  note,  that  in  the 
presence  of  a  near-surface  flame  the  purely  thermal  flux  intensity  became  less  than  in  the  below-threshold  mode,  due  to 
blocking  the  laser  radiation  by  the  light-induced  plasma  flame. 

Fig.  3  shows  the  below-threshold  thermal  responses  recorded  at  various  energy  densities  of  the  “heating”  radiation. 
The  results  of  studying  the  dynamics  of  the  thermal  responses  have  demonstrated,  that  in  the  both  below-  and  above¬ 
threshold  interaction  mode  the  signal  rise  during  irradiation  pulse  was  almost  linear.  The  signal  (and  the  sample 
temperature),  as  it  is  seen  from  the  shown  oscillograms,  peaked  till  the  end  of  the  laser  radiation  pulse.  The  maximum 
temperature  rise  of  the  sample  surface  at  Heff  =  0.7  J/cm2  (the  below-threshold  mode)  was  evaluated  by  using  the 
methodics  described  above,  as  about  100  K.  As  this  takes  place,  the  glass  sample  emissivity  was  appeared  to  be  close  to  1, 
that  is  in  a  satisfactory  agreement  with  results  of  theoretical  thermal  physics  calculations2.  In  the  above-threshold  mode 
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at  H'ff=  2.7  J/cm2  the  peak  flame  temperature  was  estimated  not  less  than  1200K,  with  the  radiant  temperature  of  900K, 
that  gives  the  value  of  the  flame  emissivity  s  =  0.3. 


Fig.2.  Oscillograms  of  the  laser  radiation  pulse  (the  upper)  and  thermal  response  (in  the  bottom)  in 
the  above-threshold,  at  J/cm2  (a)  and  below-threshold,  at  0.5  J/cm2  (b)  mode  of  interaction 


Fig.3.  Oscillograms  of  the  laser  radiation  pulse  (the  upper)  and  thermal  response  (in  the 
bottom)  obtained  at  laser  energy  densities  of  0.26,  0.36  and  0.66  J/cm2  respectively. 

Fig.4  illustrates  the  dependence  of  maximum  temperature  on  the  sample  surface  (obtained  by  processing  peak  values 
in  oscillograms)  on  the  effective  energy  density  in  the  laser  beam  spot  in  the  below-threshold  mode  of  irradiation.  The 
dependence  is  close  to  linear  that  corresponds  to  theoretical  predictions2.  Note,  that  when  a  roughly  burnished  glass 
surface  was  irradiated,  the  below-threshold  thermal  flux  from  the  sample  has  not  been  recorded,  since  an  optical 
breakdown  occurred  even  at  exposures  of  about  0.1  J/cm2. 

Temperature  relaxation  periods  (decay  time  of  a  thermal  response  pulse  at  0.5-intensity  level)  were  considerably 
different  in  below-  and  above-threshold  modes  and  equal  to  40-70  and  7-10  ps,  respectively  (compare  oscillograms  in 
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Fig.  2a  and  b).  After  the  first  “fast”  stage  of  the  temperature  relaxation  the  slowly  decreasing  signal  at  all  exposures  was 
observed  with  the  decay  time  of  6-8  ms.  Most  likely  this  signal  corresponded  to  cooling  process  of  the  sample  internal 
layer.  In  accordance  with  the  data  of3,  a  depth  of  the  heated  layer  for  glasses  may  exceed  30  pm  and  it  is  thinner,  when 
the  surface  temperature  is  higher. 
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Fig.4.  The  calculated  dependence  of  maximum  temperatures  on  the  sample  surface  on 
laser  energy  density  in  the  below-threshold  mode  of  irradiation. 


3.  CONCLUSION 

The  main  results  of  our  research  can  be  formulated  as  follows: 

•  below-threshold  illumination  of  a  BK-7  glass  surface  by  a  pulse  C02  laser  radiation  with  a  20-70  ps-duration  leads 
to  a  temperature  rise  of  100-200  K  within  about  30  pm-in  deep  surface  layer; 

•  maximum  temperature  of  the  surface  in  the  below-threshold  mode  of  irradiation  increases  linearly  when  the  laser 
radiation  energy  density  rises; 

•  temperature  relaxation  of  the  heated  layer  in  the  below-threshold  mode  of  irradiation  can  be  divided  into  two  stages: 
the  “fast”  relaxation  which  lasts  for  40-70  ps  and  results  from  emission  processes  on  the  surface,  and  the  “slow”  stage 
with  the  duration  up  to  ten  milliseconds  resulted  from  diffusion  cooling  of  internal  glass  layers; 

•  decay  time  of  the  response  obtained  from  a  light-induced  flame  is  an  order  of  magnitude  shorter  than  the  flame-free 
one,  the  sample  temperature  in  the  above-threshold  mode  is  lower  due  to  blocking  the  laser  radiation  by  the  flame. 
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ABSTRACT 

There  are  discussed  physical  aspects  of  one-pulse  laser  forming  of  two-dimensional  periodical  surface  microstructures  with 
the  characteristic  sizes  about  30  times  less  than  the  used  laser  radiation  wavelength.  It  is  experimentally  shown  that  by  means 
of  TEA  carbon  dioxide  laser  treatment  of  the  800  A°-aluminium  film,  evaporated  on  the  K8-glass  substrate,  the  periodical 
system  of  microhollows  with  the  diameter  about  0.5  micron  can  be  formed.  The  proposed  method  may  be  useful  for  surface 
microstructures  producing  in  microelectronics  or  precise  filters  fabrication. 

Keywords:  periodical  surface  structures,  laser  processing  of  the  solid-state  surface,  intracavity  laser  treatment. 


1.  INTRODUCTION 

In  preceding  works  [1,2]  it  was  theoretically  and  experimentally  shown  the  possibility  of  the  submicron  equidistant  parallel 
grooves  forming  on  thin  metallic  film  surface  by  the  single  pulse  laser  processing.  It  was  achieved  by  means  of  the  original 
intracavity  laser  treatment  method.  The  main  feature  of  this  method  is  that  the  processed  surface  plays  the  role  of  the  laser 
cavity  mirror,  turning  the  intracavity  laser  beam,  as  shown  at  the  Fig.  1 .  This  situation  is  followed  by  the  multibeam 
interference  picture  forming  on  the  mirror,  turning  the  laser  beam.  When  the  laser  radiation  intensity  in  the  interference 
maxima  overcomes  the  damage  threshold  of  the  mirror  surface,  on  the  processed  areas  of  the  mirror  there  are  formed 
periodical  surface  structures  (which  period  may  be  evaluated  according  to  the  Fig.2),  corresponding  to  the  general  view  of 
the  interference  picture  (Fig.3). 


Fig.l.  The  basic  optical  scheme  of  the  periodical  structures  forming  on  the  solid-state  surface:  1  -  active  medium; 

2  -  100%-reflectivity  concave  mirror;  3  -  turning  mirror  (processed  sample);  4  -  100%-reflectivity  mirror;  a  -  turn  angle. 

Firstly,  it  was  experimentally  demonstrated  [1],  that  TEA  C02-laser  (150-ns  pulse  duration,  0.2-Joule  pulse  energy, 
10.6-micron  radiation  wavelength)  processing  of  the  aluminium  film  (800  A°-thickness,  98%-reflectivity  coefficient), 
evaporated  on  the  optical  glass  K8  substrate,  allowed  to  form  the  system  of  the  extremely  narrow  parallel  grooves  on  the 
surface  of  the  sample  by  one  laser  pulse  treatment. 
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Fig.2.  The  calculated  dependencies  of  the  distance  d  between  the  grooves  on  the  laser  beam  turn  angle  a: 

I  -  C02-laser,  A.=10.6  pm;  II  -  Nd-glass  laser,  X.=1.06  pm;  III  -  XeCl-laser,  ^=0.308  pm,  A  -  the  experimental  data. 


a)  b)  c) 

Fig.3.  The  microphotographs  of  the  800  A°-Al-film  surface,  processed  by  the  intracavity  method  (laser  wavelength 
10.6  pm,  a=8.7°:  a)  [250X]  magnification,  optical  microscope;  b)  [2500X]  magnification,  SEM;  c)  [25000X],  SEM. 

The  investigation  of  the  treated  zones  by  means  of  the  scanning  electron  microscopy  showed  that  the  groove  width 
is  about  0.3  micron.  The  period  of  the  grooves  -  distance  between  the  grooves  (depending  on  the  beam  turn  angle  and  laser 
wavelength)  may  be  changed  from  7  to  500  microns.  Therefore,  this  method  has  enabled  to  obtain  one-dimensional 
submicron  structures  (namely,  parallel  narrow  grooves)  with  the  width  about  30  times  less  than  the  wavelength  of  the  used 
laser  radiation. 

The  aim  of  this  work  is  the  development  of  the  intracavity  laser  treatment  approach  on  the  base  of  special  laser 
cavity  and  the  application  of  1 .06-p  laser  in  addition  to  1 0.6-p  laser. 


2.  PHYSICAL  ASPECTS  OF  THE  TWO-DIMENSIONAL  SUBMICRON  STRUCTURES 

FABRICATION 


It  was  shown  [2],  that  the  picture  of  the  grooves,  formed  on  the  treated  sample,  is  essentially  determined  by  the 
mode  structure  of  the  laser  beam,  generated  in  the  concrete  laser  cavity.  The  width  of  the  grooves,  formed  on  the  treated 
surface,  is  determined  by  the  cavity  parameters  and  the  longitudinal  mode  structure  of  the  laser  beam.  However,  the  contrast 
of  the  groove  picture  (the  ratio  between  the  grooves  period  and  the  groove  width)  depends,  in  first  turn,  on  the  laser  radiation 
spectrum  width,  the  cavity  length  and  the  mirrors  reflectance. 

On  the  base  of  the  developed  intracavity  approach  it  is  proposed  two  new  methods  of  periodical  surface  structures 
fabrication: 


2.1.  Subsequent  processing. 

The  sample  is  processed  by  the  first  laser  pulse.  Then  the  sample  is  rotated  to  the  90°  (or  other  angle)  around  the 
axis,  which  is  perpendicular  to  its  treated  surface.  After  that,  the  second  laser  pulse  processes  the  same  area  of  the  sample 
and  forms  another  system  of  the  parallel  grooves,  so  the  resulting  picture  looks  as  a  grid.  The  elementary  site  of  the  grid  may 
have  a  form  of  square,  rectangle  or  parallelogram,  depending  on  the  grooves  period  and  the  magnitude  of  the  angle  of  the 
mirror  rotation. 


2.2  Simultaneous  processing. 

Two  additional  cavity  mirrors  are  introduced  into  the  standard  laser  cavity  scheme  for  intracavity  processing  in 
such  way  that  laser  beam  is  turned  by  the  processed  sample  twice:  firstly,  in  one  plane  and,  secondly,  in  another  plane,  as  it 
is  shown  in  the  Fig.4. 


S' 


a)  b) 

Fig.4.  The  cavity  scheme  for  the  simultaneous  intracavity  fabrication  of  two-dimensional  submicron  structures: 

a)  the  projection  to  the  plane  of  the  paper;  b)  the  view  of  the  same  cavity  from  the  right  side:  1  -  active  medium; 

b)  2  -  100%-concave  mirror;  3  -  turn  mirror  (processed  sample);  4,5,6  -  100%-reflectance  mirrors;  cti,  a2  -  turn  angles  of 
the  laser  beam. 

During  the  laser  pulse  on  the  turn  mirror  (processed  sample)  there  is  formed  an  interference  picture  looking  as  a 
superposition  of  two  systems  of  parallel  narrow  interference  bands,  that  is  in  the  form  of  a  grid.  Naturally,  when  in  the  sites 
of  this  grid  the  intensity  of  the  laser  radiation  reaches  the  threshold  of  the  optical  strength  of  the  surface  material,  there  are 
formed  periodical  submicron  surface  structures,  corresponding  to  the  proper  interference  picture. 
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a)  I - - — I  b) 

Fig.5.  The  micrographs  of  the  Al-film  surface,  processed  by  the  one-pulse  intracavity  laser  treatment  (at  10.6-p 
wavelength):  the  laser  radiation  intensity  is  a)  near  to  the  threshold;  b)  10%  over  the  threshold. 


3.  EXPERIMENTAL  CASES 


3.1.  10.6-p  laser  treatment. 

The  optical  scheme,  shown  in  Fig.l,  is  used  for  a  microfabrication  of  the  submicron-size  grids  by  the  two 
subsequent  laser  pulses  with  the  intermediate  rotating  of  the  processed  sample,  along  the  axis,  which  is  perpendicular  to  the 
mirror  plane.  Earlier  described  [1]  active  element  of  the  pulsed  TEA  C02-laser  is  used  as  an  active  medium  1.  The  main 
parameters  of  the  laser  are:  pulse  duration  is  equal  to  150  ns,  0.2-Joule  energy  in  TEM00-mode,  the  diameter  of  the  laser 
beam  is  about  6  mm;  10.6-micron  radiation  wavelength.  The  concave  mirror  2,  made  of  stainless  steel  12X1 8H9T  has  the 
curvature  radius  10  m.  The  optical  glass  substrates  (having  the  diameter  40  mm  and  the  thickness  10  mm)  with  evaporated 
aluminium  film  (800A°  thickness)  are  used  as  the  mirrors  3-6. 

The  system  of  micron  and  submicron  periodical  microhollows  is  fabricated  by  means  of  the  optical  scheme,  shown 
in  Fig.4.  A  treated  sample  3  is  installed  at  the  distance  200  cm  from  the  mirror  2,  which  is  installed  at  the  back  end  of  the 
active  element  1  (with  the  length  of  50  cm).  The  distances  between  mirrors  4-5  and  1-6  are  of  5  cm;  4-6  and  1-5  -  7  cm;  3-4 
and  3-5  -  23  cm;  3-6  -  28  cm. 

In  the  Fig.5a,b  there  are  shown  the  micrographs  of  the  sample  surface,  processed  by  the  simultaneous  method, 
according  to  the  optical  scheme,  shown  in  the  Fig.4. 

When  the  summary  laser  radiation  intensity  is  near  to  the  threshold  of  the  surface  damage,  on  the  processed  sample 
area  (with  the  diameter  of  about  3  mm)  there  is  fabricated  the  periodical  system  of  microhollows,  which  diameter  is  about 
0.5  micron.  The  horizontal  and  vertical  periods  of  the  microhollows  system  are  48  and  33  microns,  correspondingly.  At  the 
small  increasing  of  the  laser  radiation  intensity  it  is  observed  the  rapid  rising  of  the  hollow  diameter.  For  an  example,  10%- 
increasing  of  the  intensity  results  in  the  microhollows  system  with  the  size  of  the  hollows  about  15x20  microns  (as  shown  in 
the  Fig  ,5b). 

3.2.  1.06-p  laser  treatment. 

Another  series  of  experiments  was  carried  out  with  the  Nd-glass  laser,  working  at  free  generation  regime.  The  main 
parameters  of  the  laser  are:  pulse  duration  is  equal  to  0.5  ms,  0.03-Joule  energy  in  TEMoo-mode,  the  diameter  of  the 

laser  beam  is  about  4  mm;  1.06-micron  radiation  wavelength.  The  concave  interference  mirror  2  has  the  curvature  radius  6.8 
m.  The  optical  glass  substrates  (having  the  diameter  40  mm  and  the  thickness  10  mm)  with  evaporated  aluminium  film 
(800A°  thickness)  are  used  as  the  mirrors  3  -  6.  A  treated  sample  3  is  installed  at  the  distance  27  cm  from  the  mirror  2,  which 
is  installed  at  the  back  end  of  the  active  element  1  (with  the  length  of  16  cm).  The  distances  between  mirrors  4-5  and  1-6  are 
of  10  cm;  4-6  and  1-5  - 10  cm;  3-4  and  3-5  - 19  cm;  3-6  -  22  cm. 
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The  resulting  microhollows  systems  with  the  different  periods  (about  2  microns  at  less  than  0.3-p  hollow  width)  are 
shown  in  the  Fig.6a,b. 


The  introduction  of  the  round  diaphragm  with  the  diameter  of  several  millimeters  into  the  laser  cavity  (in  case  of 
one-way  optical  scheme  similar  to  Fig.l)  results  in  the  formation  of  the  concentric  areas,  covered  with  the  periodic 
submicron  structures,  as  shown  in  the  Fig.7.  The  form  and  the  amount  of  the  circles  depend  on  the  place  of  the  diaphragm  in 
the  cavity. 


a)  75  p  b)  i  15pi 

Fig.7.  Microphotograph  of  the  Al-film,  processed  by  the  1 ,06-p  laser  pulse:  a)  the  general  view  of  the  processed  area; 
b)  the  view  of  the  central  part  of  the  processed  area. 
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4.  CONCLUSIONS 


1.  The  proposed  development  of  the  intracavity  method  makes  it  possible  to  fabricate  two-dimensional  periodical 
surface  structures  in  micron  and  submicron  range  without  any  contamination  of  the  processed  solid-state  surface. 

2.  The  application  of  two  subsequent  pulses  technique  can  be  used  to  fabricate  surface  microgrids,  the  elementary 
site  of  which  looks  as  a  square,  rectangle  or  parallelogram.  The  period  of  the  grid  can  be  changed  from  7  to  500  microns,  if 
10.6-micron  laser  radiation  is  used.  The  width  of  the  grid  grooves  is  about  0.3  micron. 

3.  In  case  of  the  simultaneous  processing  of  the  sample  surface  by  the  one-pulse  10.6-p  laser  beam  in  two  different 
planes  of  incidence,  there  is  fabricated  a  periodical  system  of  microhollows,  which  diameter  is  about  0.5  micron  and  the 
periods  of  the  system  can  be  varied  in  the  same  range  from  7  to  500  microns.  In  case  of  1.06-p  laser  treatment  the  periods  of 
the  system  can  varied  from  0.8  to  100  microns  at  the  width  of  the  hollows  less  than  0.3  micron. 

This  method  can  be  applied  to: 

-  microelectronics  for  periodical  micron  and  submicron  structures  fabrication  at  electron  device  production; 

-  precise  filters  production  in  chemical  and  biochemical  industry. 
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ABSTRACT 

Adaptive  phasing  system  for  large-sized  composite  telescope  mirrors  intended  for  transportation  of  high-power  C02- 
lasers  radiation  by  long  distances  are  presented.  The  phasing  system  consists  of  a  wave-front  censor  and  a  unit  for 
controlling  drives.  A  heterodyne  side-shift  interferometer  with  a  rotated  radial  diffraction  grating  was  used  as  the  wave- 
front  censor.  The  grating  can  operate  both  in  visible  and  IR  spectral  ranges.  The  phasing  system  allows  to  monitor  and 
control  automatically  the  correct  form  of  the  composite  mirror  in  conditions  of  mechanical  vibrations  and  thermal 
effects  with  the  error  not  greater  than  A./40.  At  external  perturbing  factors,  whose  phase  variations  may  reach  100°  to 
120°,  the  (Strehl)  phasing  efficiency  is  0.977.  The  phasing  system  can  be  also  applied  in  astronomical  telescopes  and 
other  systems  for  observation  of  remote  objects. 


1.  INTRODUCTION 

The  phasing  system  is  intended  for  automatic  phasing  and  maintaining  in  the  phased  state  the  composite  telescope 
mirrors  used  for  transportation  of  high-power  C02-laser  radiation  by  long  distances. 

2.  DESCRIPTION  OF  PHASING  SYSTEM  FOR  COMPOSITE  TELESCOPE  MIRROR 

Phasing  of  a  composite  telescope  mirror  is  reached  by  illumination  of  a  composite  mirror  (CM)  from  the  center  of  its 
curvature,  measurement  of  wave-front  phases  of  signals  reflected  by  segments  of  the  composite  mirror,  and  generation 
of  signals  for  controlling  the  drives. 

The  phasing  control  system  (Fig.  1)  consists  of  three  hexahedron  segments  360  mm  in  size.  The  lower  (fixed)  element 
is  the  reference  one.  Two  upper  (mobile)  elements  are  provided  with  electromechanical  drives  with  the  moving  range  ± 
0.5  mm  and  error  (hysteresis)  <  0. 1  pm. 

To  study  the  phasing  control  device  (PCD),  we  used  a  mockup  of  interference-shadow  device.  The  PCD  shadow 
channel  operates  in  the  visible  band  and  is  intended  for  preliminary  adjustment  of  the  whole  system  and  of  CM  segments 
as  to  the  angle  and  the  focal  point  with  errors  ensuring  unambiguous  response  of  the  interference  channel  (<  10"  as  to 
the  angle  and  <  50  pm  as  to  the  focal  point). 

The  shadow  channel  consists  of  the  He-Ne  laser  (3)  and  the  objective  (5)  focusing  laser  radiation  near  the  center  of  CM 
curvature.  Being  reflected  from  the  CM,  the  radiation  is  concentrated  in  the  conjugated  point  O',  in  which  the  working 
surface  of  one  of  the  rotated  rasters  (9)  is  located.  The  pattern  of  the  rasters  is  alternating  transparent  and  opaque  stripes 
of  equal  width,  intersecting  at  the  angle  of  120°. 

The  opaque  stripes  are  Foucault  knifes  in  the  shadow  method.  Since  the  data  are  frequency-separated,  the  rasters  are 
rotated  with  different  speeds,  or  are  two-frequency  ones. 
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1  Composite  mirror  f=  8690  mm 
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6  LensF'  =  15mm 

7  Beam-splitter 

8  Rotating  mirror 
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10  Mirror 

1 1  Array  of  photodiodes 

12  Microscope 


Fig.  1. 


The  rotating  rasters  form  moving  shadow  images  of  CM  segments  in  the  focal  plane  (2)  of  the  objective.  The  images 
are  recorded  by  the  array  of  photodiodes  (11).  The  direction  and  phase  of  motion  of  shadow  images  of  adjusted 
elements  with  respect  to  the  reference  one  depend  on  their  angular  and  axial  misalignment.  The  values  of  angular 
misalignments  of  adjusted  elements  with  respect  to  the  reference  one  are  determined  by  the  difference  of  signal  phases 
from  the  photodiodes. 

The  axial  misalignment  (offset  of  the  curvature  center  of  a  raster  working  surface)  was  determined  by  the  difference  of 
phases  of  signals  from  photodiodes  located  at  the  edges  of  segments  shadow  images.  When  the  rasters  drive  is  switched 
on,  preliminaiy  adjustment  may  be  carried  out  using  the  static  shadow  image  by  turning  the  raster  with  hand. 

The  phase  difference  is  related  to  misalignment  in  the  angle  and  focal  point: 


Apa  =  ccF/b  ,  (1) 

where  A <pa  is  the  phase  difference  in  degrees,  a  is  the  misalignment  in  the  angle  in  degrees,  b  is  the  raster  period. 

A<p-  360- Dc2/R2-AfTk ,  (2) 

where  Dc  is  the  transverse  segment  dimension,  R  is  the  curvature  radius  of  the  segment  in  mm,  A f  is  the 

misalignment  along  the  axis  in  mm. 

The  interference  channel  is  intended  for  controlling  the  phasing,  i.  e.,  for  matching  focal  points  (centers  of  curvature) 
with  errors  in  the  angle  a  <  AJmDc,  and  in  the  focal  point  A f-nX  +  AJm,  where  m  and  n  are  integers 
determined  by  the  required  quality  of  phasing. 

The  interference  channel  uses  the  principle  of  an  infrared  heterodyne  side-shift  interferometer  to  reduce  the  influence  of 
perturbing  factors  (vibrations,  atmospheric  turbulence  etc.).  The  interference  channel  consists  of  the  C02-laser  (4), 
whose  radiation  axis  coincides  with  the  axis  of  the  He-Ne  laser  of  the  shadow  channel,  and  the  objective  (6)  focusing 
laser  radiation  to  the  center  of  the  CM  curvature  O. 

Being  reflected  from  the  CM,  the  infrared  radiation  is  focused  on  working  zones  of  the  rotated  rasters.  For  infrared 
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radiation,  the  period  of  raster  stripes  is  less  than  the  diameter  of  the  diffraction  circle,  and  the  rasters  operate  as 
diffraction  gratings  creating  the  image  of  the  CM  of  the  zero  and  higher  (odd)  orders.  The  rasters  periods  are  chosen  so 
that  the  first  orders  are  shifted  by  the  value  of  the  image  diameter.  Thus,  the  first  orders  of  the  adjusted  elements  from 
each  segment  of  each  raster  are  overlapped  over  the  zero  order  of  the  reference  element,  and  vice  versa. 

When  rasters  are  rotated,  the  frequencies  of  the  first  orders  are  shifted  by  the  value: 

Q  =  2  Mb,  (3) 

where  N  is  the  number  of  revolutions  of  the  raster  per  second,  r  is  the  radius  of  the  working  zone,  b  is  the  period  of 
the  raster. 

To  perform  heterodyne  detection  of  signals  produced  as  the  result  of  overlapping  of  the  first  orders  of  the  adjusted 
elements  on  the  zero  order  of  the  reference  element,  we  used  three  receivers  located  in  the  plane  of  the  objective  image 
(2)  in  places  of  images  of  the  drives,  or  one  receiver  located  in  the  image  center. 

The  frequency  of  the  heterodyne  signal  is  determined  by  relation  (3),  and  the  phases  depend  on  linear  misalignment  of 
the  adjusted  and  the  reference  elements.  To  measure  the  linear  misalignment,  the  phases  of  signals  from  infrared 
receivers  of  the  channel  are  compared  to  a  signal  phase  from  one  of  photodiodes  of  the  reference  element  executing  the 
role  of  the  reference  signal. 

The  difference  of  phases  of  signals  from  the  reference  and  adjusted  elements  is: 

Aq>,  =  lltAUX ,  (4) 

where  A i  is  the  linear  misalignment  between  the  adjusted  and  reference  elements  in  the  point  i. 

The  CM  segments  could  be  phased  both  manually  by  means  of  the  control  panel,  and  automatically,  by  means  of 
automatic  feed-back  consisting  of  laser  sources,  photoreceivers,  amplifiers  and  phase  detectors  connected  to  drives.  The 
quality  of  phasing  as  to  the  angle  was  checked  by  means  of  the  micrometer  microscope  (12)  by  the  value  of 
misalignment  of  diffraction  circles  created  by  the  segments.  The  quality  of  phasing  as  to  the  focal  point  was  checked  by 
the  static  shadow  picture  and  the  value  of  residual  step  between  edges  of  adjacent  segments,  using  a  translation  meter 
with  the  reading  error  of  0. 1  pm,  in  the  range  ±  1 0  pm. 

The  measurement  results  have  shown  that  the  root-mean-square  deviation  of  phasing  as  to  the  angle  was  2"  (0. 1  of  the 
angular  size  of  the  diffraction  circle  at  the  wavelength  10.6  pm).  The  root-mean-square  deviation  of  phasing  as  to  the 
focal  point  was  0.25  pm  (A/40  at  A  =  10.6  pm),  the  Strehl  number  corresponding  to  the  given  errors  being  equal  to 
0.977. 


4.  CONCLUSIONS 

The  performed  experimental  research  have  confirmed  serviceability  of  the  considered  phasing  system  and  possibility  to 
reach  high  accuracy  of  composite  mirror  phasing,  permitting  to  transport  and  focus  effectively  high-power  laser 
radiation  on  remote  objects. 
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ABSTRACT 

It  is  extraordinary  useful  to  conserve  the  advantages  of  the  heterodyne  Interferometry  with  high  sensitivity  of 
straight  phase  measurements  in  oblique  incidence  interferometer.  In  our  case  the  directions  of  test  and  referent 
beams  are  made  by  the  diffraction  gratings.  The  special-property  phase  plate  is  located  in  collimated  beam  path 
between  the  diffraction  gratings  and  test  mirror,  and  incidence  test  and  referent  beams  pass  through  this  plate  twice. 
The  particularity  of  the  phase  plate  is  that  one  creates  the  path  difference  L/4  at  reference  beam  direction,  and  7J2  at 
test  beam  direction.  Initial  polarization  vector  of  reference  beam  is  rotated  on  90°  and  polarization  vector  of  test 
beam  on  180°.  Such  two  beams  with  different  frequency  interfere  at  the  exit.  It  has  been  found  optimum  decision  of 
polarization  frequency  component  dividing  and  combining. 

1.  INTRODUCTION. 


It  is  extraordinary  useful  to  conserve  the  advantages  of  the  heterodyne  interferometry  [1,2],  with  high 
sensitivity  of  straight  phases  measurements  and  possibilities  of  determination  of  the  straight  phase  variation  in 
oblique  incidence  interferometer  [3],  Using  of  interference  circuits  with  heterodyne  processing  allows  compensating 
inevitable  decrease  of  sensitivity. 

Change  of  the  order  interference  SN  and  respective  alteration  of  phase’s  difference  8<p  between  the 
interfering  wave  fronts  are  connected  by  a  known  ratio 

<W=  8<p/2n  (1) 

One  is  necessary  in  our  case  to  connect  with  the  test  sensitivity  of  a  deviation  of  a  surface  with  oblique 
incidence  light  beam  collimated  on  it 

For  concrete  methods  there  are  concepts  of  a  limit  of  sensitivity  8q\mr,,  or  minimum  significance  of  a 
difference  of  phases,  which  can  be  registered,  and  threshold  sensitivity,  under  which  by  analogy  to  a  photo-electric 
term  in  [4]  it  is  offered  to  understand  magnitude,  return  to  8<p^  i.e.  1/  8<p Un-  In  a  general  view  of  analysis  the 
interferometry  information  sensitivity  function  is  depended  from  many  parameters  numbers  and  attempt  to  receive 
its  expression  is  very  difficult.  The  concept  of  sensitivity  is  used  for  comparison  of  various  methods  of  the 
interference  test  in  reality.  The  possibilities  of  realization  of  heterodyne  method  influencing  on  a  parameter  of 
sensitivity  function  for  oblique  incidence  interferometers  are  considered  in  this  work. 


2.  SENSITIVITY  CONCEPTION 


So  the  measurements  of  the  deviation  of  the  testing  surface  (ST)  are  discussed  in  this  work  we  shall 
formulate  some  necessary  concepts  using  the  known  approaches  to  a  problem  of  interferometric  methods  sensitivity. 

The  sensitivity  S  is  expedient  to  tie  with  fringe  contour  interval.  Fringe  contour  interval  is  the  deviation  of  the 
ST  form  according  to  the  change  of  the  path  difference  A  between  testing  and  reference  interactive  wave  fronts 
(WF)  equal  to  length  of  a  wave  of  used  radiation  /.  with  the  certain  angle  of  oblique  incidence  on  ST  of  the  testing 
WF  -  £  We  shall  designate  the  fringe  contour  interval  value  as  H%  account  for  ST  deformation  H  =  Iix  with  change 
of  the  order  N  per  unit  between  the  next-fringe,  against  [5],  With  counting  number  of  testing  beam  reflections  M 
from  ST  in  multipass  interferometers  the  expression  for  Hx  will  look  like 

cosz;  where  M  =  1,2...  (2) 

The  complete  deformation  ST  H  in  the  given  point  (x,  y)  with  account  (2)  and  size  increase  of  the  order  N  in 
a  point  (x',  y')  of  interferogram  in  relation  to  reference  WF  is 

H(x,y)=  Hx[N(x\y')  +  <W(x ', y ')  ],  (3) 
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where  N  (x y ')  -  integer,  and  SN(x  ',  y ')  <1,  A=(N+AN)  X 

The  strict  sense  of  fringe  contour  interval  value  Hx  is  assigned  scale  of  a  topographical  card  ST,  connected 
linearly  with  X,  and  also  with  geometry  of  the  interferometer  circuit  ( M  and  cose)  according  to  expression  (2)  in  this 
case.  Let's  introduce  the  concept  appropriate  to  the  minimal  limit  of  a  registered  error  of  the  topographical  relief 
^sNmin  and  connected  with  minimal  registered  increment  of  the  interference  order  SNm„  expressed  through  8<pmi„{ 4] 
from  (1) 

^8Nmin  /  HX  fiNtnin  ^Pmm  /Xll,  (4) 

here  Scpmin  -  appropriate  minimal  registered  meaning  increment  of  a  phase  of  testing  WF  Wp  (x',yr),  reflected 
from  ST  in  comparison  with  reference  WF  W0(x',y'),  reflected,  for  example,  from  an  ST.  We  shall  name  as 
coefficient  C  of  threshold  sensitivity  as  inverse  value  to  ratio  h^n  /  Hx  from  [4] 

C  =H/h^mw  =  2^5%,,^  l/SNmin,  C»1  (5) 

Number  of  the  minimal  increments  SNmn  registered  and  according  to  the  increment  order  AN  in  the  given 
point  (x',y),  or  AN/  SNmin  we  shall  designate  nd  by  analogy  with  (3)  but  within  the  limits  of  one  fringe 

AH(x,y)=hWmm  rtd,  (6) 

Obviously  from  (5)  and  (6)  follows,  that 

AH(x,y)=  H-,  AN/  C  SNmin .  (7) 

By  analogy  to  conception  of  threshold  sensitivity  for  a  phases  difference  [4]  we  shall  enter  concept  of 
threshold  sensitivity  for  deformation  ST  as  a  size  which  is  inverse  to  the  minimal  limit  of  a  registered  level  of  a 
topographical  relief  h&]Xmm,  and  with  the  account  (5) 

S  =1/  /JsNmin  -C/  Hx  .  (8) 

Then,  substituting  (2)  in  (8),  we  receive 

S  =(2MC  cos  e)/X ,  (9) 

where  C  by  definition  is  equal  [7], 

The  received  expression  (9)  allows  to  compare  the  various  interferometers  circuits  with  reference  WF  for  the 
control  of  form  TS  deviations  with  variations  of  M,  C,  e  and  X.  Changing  parameters  M,  C,  s  and  X  it  is  possible 
to  find  optimum  of  their  combinations  with  the  interferometric  control  at  various  stages  of  form-making  optical  and 
nonoptical  TS. 

Any  phasemeter  is  known  not  to  be  capable  directly  to  register  a  phase  on  frequency  of  a  light  (1014  Hz).. 
Therefore,  as  a  rule,  with  the  analysis  of  interference  pattern  in  a  plane  X Y  ‘  the  intensity  change  S  I( <p)  or  extreme 
position  of  distribution  of  intensity  of  fringes  is  a  registered  size. 

Carrying  of  a  working  spectrum  to  a  radio  range  with  the  help  of  optical  heterodyning  [1,2]  allows 
successfully  deciding  tasks  of  phase  of  a  light  wave  measurement  on  appropriate  radio  frequency. 

Nowadays  optical  heterodyning  is  carried  out  with  using  of  modulators  which  have  a  rotating  phase  plates 
and  diffraction  gratings,  two-frequency  laser  with  Zeemane  splitting  in  a  magnetic  field,  acoustooptical  and 
electrooptical  modulators,  ring  laser,  and  also  modulators  on  the  base  of  two-frequency  modulations  of  a  basic 
mirror  in  interferometer  [8],  A  choice  of  that  or  other  type  of  the  modulator,  each  has  its  own  advantages  and  lucks, 
depends  on  the  different  subjective  factors  unconnected  to  the  general  optimization  sometimes. 

Accounting  the  experience  of  our  work  using  the  heterodyne  interferometer  with  two-frequency  modulator  is 
proposed  to  be  most  perspective  occasion  for  metrology  of  surface  [8],  Using  of  the  similar  circuits  allows  to 
compensate  reduce  of  sensitivity  with  oblique  incidence  on  account  the  special  heterodyne  processing  method  of 
interference  pattern,  i.e.  increases  of  factor  C  in  expression  (9)  withM=  2  is 

S=(4C  cos  s)/  X 

Irrespective  of  a  type  of  the  modulator  the  important  factor  in  heterodyne  interferometers  with  reference  WF 
is  the  optimum  division  frequency  component  in  testing  and  reference  beams.  The  most  widespread  reception  of  the 
decision  of  this  task  served  a  quarter-wave  outcome  with  using  a  polarizing  cube-prism  [2]. 

3.  THE  SCHEME  WTTH  A  QUARTER-WAVE  OUTCOME. 

The  basic  scheme  of  oblique  incidence  heterodyne  interferometer  for  testing  of  surface  deviations  is  on  the 
fig.  la.  One  is  built  on  the  basis  of  the  circuit  Twiman-Green  with  a  quarter-wave  outcome.  Reference  and  testing 
WF  Wr  and  W,  with  valid  amplitudes  ar  and  a,  in  a  point  of  interference  field  P’(x'py\),  accordingly  are 
determined  by  expressions 

Wr  (xp  ,ypt)  =  ar  exp  i(wrt+  <pr)  , 

Wt (xp  ,ypt)  =  a,  exp  i(  03,  t  +  <pt),  (10) 
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where  cor,  a,  -  optical  frequencies  WF  Wr  and  WF  Wt, 

<pr  =  4nLr/DX, 

<p,  =  [2n/X][2L,  +  A], 

where 

2Lr  -  length  of  a  reference  optical  path  WF  (Wr), 

2Lt  +A-  length  of  a  testing  optical  path  WF  (W,  ). 

A  for  (p,  in  (10)  in  our  situation  describing  the  increment  of  testing  optical  path  length  because  of  the  surface 
form  deviations  H(xp  ,yj)  in  any  determined  point  P  on  a  ST  is 


A  =  4H(xp  ,yp  )cos  eO 


(11) 
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Fig-1- 

a)  -  scheme  of  oblique  incidence 
heterodyne  interferometer, 

b)  -  result  of  a  superposition  Wr  and 
Wt  .  f2  =  Or-  a. 


The  intensity  beating  on 
output  of  the  oblique  incidence 
heterodyne  laser  interferometer  in  a 


point  P(xTyj)  as  a  result  of  a  superposition  Wr  and  Wt  is  registered  instantly  by  the  phasemeter.  This  result  is 
according  Fig.  lb 


I(t)  =  IWl  +  w;  f  =(ar  2  +a,  2)[1  +  y  cos(Q  +  0)], 

Where  y  -  the  factor  of  contrasting  interference  pattern,  Q  -  the  frequency  of  intensity  fluctuation  /  (t), 
0-  the  phase  of  intensity  fluctuation  with  frequency  Q,  y  =  2ara,/(a2  +a2 ),  Q  =  a>r-  a>, 

0  ~  (pr~  (pt  -  4tA  r/ X- [2  it/ X][2l ,  +  A]  =  4a(lr-It)/X- 2ttA/A.  Wih  the  account  (11) 


0  =  4n  (l  r-l,)/  X  -  [ 87(H(xa,ya)  cos  eJ/X .  (12) 

The  first  member  of  a  difference  (12)  represents  constant  shift  of  phases  and  characterizes  the  tuning  of 
interferometer,  and  second  contains  the  information  about  TS.  The  signal  U(t)  on  an  output  of  the  photodetector  for 
the  given  point  P  interference  field  is  proportional  to  intensity  I(t).  From  expression  (12)  it  follows,  that  as  a  result 
of  mixture  on  the  photodetector  two  mutually  -  coherent  optical  signals  with  various  frequencies  and  phases, 
spectrum  of  electrical  signal  on  the  output  of  the  photodetector  is  fluctuations  with  intermediate  frequency  £2  and 
phase  0.  0is  equal  to  phase  shift  of  light  waves  in  testing  and  reference  shoulders  of  oblique  incidence  heterodyne 
laser  interferometer. 

As  the  concept  of  a  phase  is  determined  just  to  within  constant  size,  it  is  meaningful  to  consider  only  variable 

part 


A0  =  [8  it  H(xa  ,yj  cos  sEJ]/  X,  (13) 

which  depends  on  variable  deviations  H  with  constant  e  and  X  . 

4.  THE  SCHEME  WITH  A  PHASE  PLATE  OF  DOUBLE  ACTION 


For  oblique  incidence  laser  interferometer  on  diffraction  gratings  the  problem  of  division  of  beams  with 
different  frequencies  is  limited  by  the  sizes  of  the  first  passing  grating,  on  which  the  division  and  overlapping  of 
testing  and  reference  beams  is  carried  out. 


Successful  application  of  a  thin  quarter-waved  plate  of  the  large  size  placed  at  45°  angles  to  polarization 
vertical  plane  of  the  laser  in  Zygo  interferometer  allows  turning  a  polarization  plane  of  beams.  After  die  opposite 
passage  through  the  polarizing  beam  splitter  it  allows  to  direct  beams  with  the  minimal  losses  to  CCD  array.  In  our 
original  decision  the  phase  plate  is  established  simultaneously  in  both  beams  after  passing  of  the  first  transparent 
grating. 

On  Fig.2.  the  heterodyne  interferometer  scheme  is  shown  which  build  on  the  base  of  interferometer  with 
diffraction  gratings  IT-293.  One  is  used  in  the  experiences  on  the  investigation  of  adaptive  mirror  form.  The  laser 
beam  1  is  directed  on  the  modulator  of  optical  frequency  2,  on  which  output  two  components  with  orthogonal 
polarization  Ps  and  Pp  and  shift  of  frequency  O.  will  be  formed.  After  passage  of  beams  through  elements  3-7 
will  be  formed  the  wide  collimated  beam,  which  is  divided  by  a  transparent  grating  8  into  testing  and  reference 
beams.  The  reference  beams  incidents  on  a  thin  crystal  plate  9  -  on  normal,  and  reference  one  -  under  diffraction 
angle. 

As  a  result  of  double  passage  of  testing  and  reference  beams  through  a  plate  9,  after  reflections  from  TS  20 
and  grating  10,  the  vectors  of  polarization  of  both  beams  appear  parallel.  And  each  of  beams  has  the  own  frequency, 
and  the  difference  between  frequencies  is  equal  Q. 


Fig.2.  Scheme  with  a  phase  plate 
of  double  action 

On  an  exit  of 
interferometer  for  cutting  parasitic 
components  is  established 
polarizator  12.  The  beam  splitter 
13  provides  presence  of  testing 
and  reference  channels  with 
photodetectors  15  and  17  The 
photodetector  17  is  motionless  and 
gives  out  a  reference  signal  for 
comparison  with  a  signal,  taking 
from  the  photodetectors  15,  which 


scans  on  a  field  of  interference. 

The  phase  meter  block  18  gives  out  the  initial  data  for  the  computer  19.  With  a  conclusion  from  the 
circuit  of  a  plate  9  and  switched-off  modulator  2  interferometer  works  in  a  usual  mode.  Lenses  1 1,  14  and  16 


serve  for  conjugation  of  center  of  a  TS  20  with  the 
analysis  plane. 

Fig.3.  Common  case  of  optical  axis  On  and 
perpendicular  OM  to  plate  9  dislocations. 

According  to  designations  on  fig.3  the 
dependence  of  a  difference  of  phases  between  ordinary 
and  unusual  beams  in  a  phase  plate  by  thickness  d  from 


A0  =  f2nd/X/  {(A2-B2)sin2  iff  cos  0sin  e/2C2  + 

+fl/CJ<]  1-A 2  sin3p  sin  2e-[A2  B2  /C?  JcosPp  sin  2e  -[1/BJ  Jl-  B2sin2ef, 


where  A  =  1/n  e  and  B  =  l/na  accordingly  for  unusual  and  ordinary  ray, 

y/ -  the  angle  between  normal  line  OM  to  the  surface  plate  and  optical  axis  Or)  crystal, 

P  -  the  angle  between  axis  crystal  Or]  and  plane  OABM  of  incidence  of  the  ray  polarizing  in  the  incidence 

plate, 


S  -the  angle  of  incidence  of  the  beam  on  the  plate. 

In  our  case  yf=90\  then  C  =  A  =  1/ru  ,  P  =45  °  and  s  =  0  for  a  reference  beam,  pt  =  -  45°  and  11°, 
«0  =1,542  and  ne=  1,551  for  a  testing  beam  with  using  of  a  quartz  plate.  For  the  decision  of  a  task  of  maintenance 
of  simultaneous  double  action  of  a  phase  plate  7M  and  7J2  the  joint  performance  of  two  conditions  for  reference 
and  testing  of  beams  is  necessary  carry  out  the  next: 
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d(ner-nQ)  =  (2k1/4  +1)0,25  X  for  reference  (r)  beam,  (15) 

d(net-rio  )=  (kI/2  +0,5)1  for  testing  (t)  beam ,  (16) 

where  ner(e),  ne,(e)  andn0  (s)  -  function  s  according  to  expression  (14),  kI/4  vik1/2  -integers  of  half¬ 
waves  (0,5 A)  and  lengths  of  waves  ( A )  accordingly,  or  orders  of  quarter  wave  and  half-wave  plates. 

In  our  case  for  the  reference  beam  ^  =0  and  the  members  containing  sin  s  in  expression  (14)  become  0  and 
in  (15)ner  =we=l,551. 

Multiplier  in  braces  of  expression  (14)  is  the  appropriate  differences  from  (15)  and  (16),  which  for  given  y/ 
and  p  look  like 

ner  -n0  =  1/C  -  1/B ,  (17) 


By  substituting  (17)  and  (18)  accordingly  in  (15)  and  (16),  we  shall  receive 
d(l/C  -  1/B)  =  (2k+l)0,25  A _ 

d{ll/C]{l-A2sin24S°sm2n°JA2B2/Ct]cos24S0sin2n’‘-[l/BjJl-B2sm2U°}= 

=(k+0,5)A. 


Let's  define  numerical  meaning 


where  A  =  l/ne  and  B  =  l/n0  accordingly  for  unusual  and  ordinary  rays,  C2  =  A2  srPyz+B2  coiy,  n0  = 1,542 
and  ne  =1,551,  y^90° ,  C  =A  =  l/ne. 

In  view  of  our  case  feasible  significance  (18)  is 

ne,-n0'=  0.01 

By  substituting  meanings  in  expression  (15)  and  (16),  we  shall  receive 

d  =  (kI/4  +0.5)35,15, 
d  =  (kj/2  +  0,5)  63,28 

By  equalizing  the  right  parts  of  the  received  expressions,  we  shall  deduce  a  required  ratio  of  the  orders 
(ki/4  +  0.5)  =  (km  +  0,5)  1,8  or  k1/4  =  1,8k  m  +  0,4  (19) 

The  ratio  (19)  satisfies  to  simultaneous  performance  of  conditions  (15)  and  (16).  Since  in  (19)  k  should  be 
whole  it  is  obviously  that  the  result  of  l,8ki/2has  the  six  tenth  after  of  a  point  For  example  k  l/2  =7,  1,8 k1/2  =  12,6 
and  k1/4  =  13.  Thus  for  a  half-wave  mode  of  a  testing  beam  and  for  a  quarter  wave  mode  of  a  reference  beam  the 
thickness  of  a  plate  is  identical  and  according  to  the  conditions  (15)  and  (16) 

d=  0,48mm 

The  carried  out  analysis  shows  an  opportunity  of  frequency  divisions  of  testing  and  reference  beams  with  the 
help  of  a  phase  plate  9,  creating  difference  A74  at  reference  beam  direction  and  X/2  at  testing  beam  direction.  As  a 
result  of  application  of  such  plate  the  initial  polarization  vector  with  frequency  cor  in  a  reference  beam  turned  on  90°, 
and  polarization  vector  with  frequency  co,  =  ojr-Q  of  a  testing  beam  turned  on  180°.  Such  two  beams  with  different 
frequency  interfere  at  the  exit. 

Thus  the  modulation  of  intensity  with  frequency  Q  is  in  each  point  interference  field.  The  phase  of  the 
modulated  signal  determines  deviation  of  the  TS  from  the  plane.  The  error  of  measurement  of  a  phase  in  modem 
phasemeter  does  not  exceed  1-3°,  hence,  the  accuracy  of  decoding  inlerferograms  can  be  increased  up  to  0,01  fringe. 
For  maintenance  of  such  accuracy  it  is  necessary  to  increase  the  requirements  to  interferometer  elements  and  its 
tuning.  The  similar  decision  suits  compact  variant  of  interferometer  with  a  concave  grating  with  installation  of  a 
phase  plate  of  double  action  in  testing  and  reference  beams  near  to  a  flat  reflective  grating. 
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5.  CONCLUSION 


In  the  numerous  publications  in  the  literature  the  important  problems  connected  with  practical  using  of 
heterodyning  in  optical  range  are  analyzed.  They  are  the  signal/noise  ratio  with  a  choice  of  the  optimum  size 
diaphragm  cutting  out  the  real  size  of  the  interference  field  by  the  photodetector  of  instant  action  and  optimum 
number  of  analyzing  points,  etc.  In  our  work  the  decision  of  optimum  dividing  and  combining  of  a  frequency 
component  in  heterodyne  variants  is  found.  Scheme  of  oblique  incidence  interferometer  with  the  help  of  a  phase 
plate  of  double  action  is  offered. 
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